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Preface 

This book is written primarily for the designer and operator 
of diesel- and gas-engine power plants, although some of the 
material has been used in lectures before engineering students. 
It is entirely practical in treatment, and the material has been 
used for many years by the author in his professional work as a 
consulting engineer. 

The book deals with the plant as an entity and is not devoted 
solely to a discussion of engines. In fact, some readers may be 
disappointed because only a single chapter concerns engines. 
The text embraces far more than a description of engines and is 
in reality a working manual for the plant designer. It contains 
much of value for the plant operator and for engineering students 
interested in internal-combustion-engine power plants. 

Much of the material presented is taken from the author^s 
personal notes made over the past 12 years. It represents, there- 
fore, the gleanings from a wide acquaintanceship with engine 
designers, plant operators, representatives of the oil industry, 
and other engineers interested in internal-combustion-engine 
power plants. Experience gained in the design of plants, 
examination of plants designed by others, and the testing of 
engines both in the factory and in the field has contributed 
greatly to the scope of the material presented. 

Many nomographic charts and short-cut procedures have been 
incorporated into the text, primarily because they aid in simplify- 
ing many calculations. Equations are presented, and deriva- 
tions of equations are used where they can serve to clarify the 
material being presented. Involved mathematical treatment 
has purposely been eliminated because too often such mathe- 
matics confuses rather than aids in a work of this character. 

Although the writing of a book such as this is the work of a 
single individual, no one person can rightfully claim the credit 
for all the material presented. Many individuals, equipment 
manufacturers, and publications have furnished material neces- 
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sary to complete portions of the text. Those sources which 
have been used as reference or which have provided quotations 
used in the text have been acknowledged by approjuiato foot- 
notes. Drawings and pictures generously supplied by equipment 
manufacturers, technical publications, and engineering organiza,- 
tions have been credited to the organization supplying them. 

The author wishes to thank members of the staff of the Burns 
McDonnell Engineering Company for their generous assist- 
ance in assembling material for Chaps. VII, VIII, XIV, XVIII, 
and XIX. The author desires to express his appreciation for 
the assistance of L. B. Immele of the Burns & McDonnell organ- 
ization in developing the nomographs for Figs. 50 and 51. 

Power has graciously extended to the author permission to 
reproduce many exhibits originally appearing in that magazine, 
as well as permission to use material in Chaps. XII and XV which 
appeared as articles in Power. 

The author is indebted to C. E. Beck, J. H. Callaway, L. N. 
Rowley, Jr., C. W. Good, W. L. H. Doyle, and Chailes Keane 
for their encouragement, suggestions, and criticism in connec- 
tion with the preparation of the manuscript. To his wife must 
go the credit for correcting and proofreading the manuscript and 
the final printed book. 

Glenn C. Boyer. 

Kansas City, Mo., 

March, 1943. 
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DIESEL- AND GAS-ENGINE 
POWER PLANTS 


CHAPTER I 

GENERAL INTRODUCTION 

When it is realized that over 90 per cent of the total horsepower 
of prime movers in the United States consists of internal-com- 
bustion engines, it is not surprising that this type of prime mover 
is being used extensively in central stations and industrial power 
plants. Although the bulk of the internal-combustion-engine 
horsepower is employed in motor-vehicle and agricultural service, 
there is a substantial amount employed in stationary service. 

1. Engines for Stationary Service. — Most engines used for 
stationary power service are of the compression-ignition type in 
which the heat for igniting the fuel charge results from the com- 
pression of the air in the engine cylinder before introduction of 
the fuel. This type of engine is popularly termed a diesel engine 
in the United States in honor of one of the men responsible for 
its creation and early development. Oil is used for fuel in most 
engines, although natural gas is ajso employed. Recent develop- 
ments include engines capable of burning either liquid or gas fuel. 

The pioneering in the adaptation of internal-combustion 
engines to central-station and industrial-power service has been 
done, and today this type of prime mover is an important element 
in the field of small and medium-sized power plants as indicated 
by the widespread use in municipal and private power plants, 
pipe-line pumping stations, manufacturing and industrial estab- 
lishments, and apartment-building and institutional power plants. 

2. Central Stations. — A recent study of generating stations 
made by the Federal Power Commission covering plants having 
an installed capacity of 1,000 kw or more per station gave the 
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following installation of diesel engines during tlie past four 
decades. 

The largest plant now installed in the United States is at 
Vernon, Calif., while the second largest is at Brawley, Calif., 



Fig. 1. — Diesel plant of the Salt River Valley Water Users’ Association, Tcnipc, 
Axiz., containing two 7,000-bhp two-stroke-cycle double-acting Hamilton onginos. 
(^Courtesy of General Machinery Corporation.') 


in the Imperial Valley. A summary of the nine largest diesel 
operating plants in the United States is contained in Table 2. 


Table 1. — Diesel Generating Capacity in Central Stations 


1 

Period 

Private, 

kw 

Municipal, 

kw 

Total, 

kw 

Before 1910 

520 

11,150 

94,398 

100,792 

0 

3,858 

82,930 

211,663 

520 

15,008 

177,328 

312,456 

1910-1919 

1920-1929 

1930-1939 

Total 

206,860 

298,451 

605,311 



3. Evolution of the Small Power Plant. — Thirty-five years ago, 
the small community or industrial establishment that desired 
the advantage of electric service had to build a plant using steam 
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Tablk 2. — ^Largest Diesei^electric Generating Peants in the 
United States 


Location 

Installed 

Number 

hp 

of units 

Vernon, Calif 

35,000 

5 

Brawley, Calif 

18,340 

8 

Tucson, Ariz 

15,290 

9 

Tempe, Ariz 

14,000 

2 

Rockville Center, N. Y 

12,500 

6 

Rushville, Ind 

12,240“ 

4 

Freeport, N. Y 

11,900 

7 

Cardin, Okla 

Ponca City, Okla 

10,750 

4 

7,250 

5 


‘ Three units installed, fourth unit on order, 


engines as prime movers. The improvements in the arts of both 
generation and transmission of electrical energy improved con- 
stantly, and the early twenties saw the promulgation of the plan 
for '^superpower” in which huge generating stations connected 
by networks of transmission lines would blanket the United 
States. Many large steam-electric and hydroelectric plants 
have been and are still being built with their attendant high- 
voltage transmission lines conveying large blocks of electrical 
energy over immense distances. Hemarkable economies in the 
production of electrical energy have resulted from the construc- 
tion of high-pressure and high-temperature steam-electric sta- 
tions, containing units of great capacity. However, the cost of 
transmitting the energy produced in these stations over long 
distances has in many cases largely absorbed the savings made 
in the cost of generation. 

While the basic idea behind the superpower program was 
sound, three factors have worked against the full realization of 
the advantages claimed for it. They are : 

1. Inability to operate superpower stations at most economical 
loads in many instances. 

2. Transmission difficulties due to weather conditions and 
electrical characteristics of generation and transmission facilities. 

3. Relative cost at a given locality of power delivered by a 
transmission line or generated in a diesel-electric plant where 
required. 
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Flexibility of plant operation is a vital necessity in all electric 
generating stations, as has been proved by the experience of the 
electric utihties during the past decade. Base-load plants oper- 
ating at full capacity and producing a constant quantity of 
electrical energy every 24-hr period can and do show remarkable 
economies. If people all used the same amount of electrical 
energy each hour of the day, there would be no peak-load dijBR- 
culties and many of the problems now confronting the powei'- 
plant designer and operator would not exist. 



and one 2,250-hp two-stroke-cycle diesel engines. (Courtesy of Nordhera Manu- 
factunng Company.) 


Since human nature still impels individuals to attempt the 
satisfaction of their own desires without regard to other indi- 
viduals and their wants, and since one of the desires of most 
individuals is the use of electricity for light and other purposevs at 
any hour of the day or night, those supplying the electrical 
energy required will always be confronted with the necessity of 
meeting the heavy as well as the light demands for electricity. 

4. Power-transmission. Problems. — ^Transmission-line difficul- 
ties and resulting power outages caused by the caprices of Dame 
Nature are well known to electrical consumers and power-system 
operators alike. Charles F. Steinmetz^s famous comment that 
hghtmng seldom strikes twice in the same place because there 
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generally is not anything to hit the second time has more than 
wit behind it. Many electric utilities operating extensive trans- 
mission systems think nothing of one to three outages daily 
somewhere on their systems from lightning disturbances during 
certain months of the year. 

Aside from possible outages due to lightning, tornadoes, 
hurricanes, sleet, or other weather stresses beyond the mechanical 
and electrical capacities of the transmission facilities, long trans- 
mission lines are subject to electrical difficulties including 
switching surges, synchronizing difficulties when generating 
stations are connected by a long transmission line, frequency 
variation on extensive systems with several generating stations 
connected, as well as electrical difficulties due to vagaries of relay 
operation catised by abnormal power-factor conditions. Further- 
more, long-distance transmission of electrical energy is not 
economically sound, as has been shown. ^ 

A major portion of these difficulties disappears when the 
electric generating station is brought close to the load it must 
supply. For example, a generating station in the basement of a 
hotel supplying only that institution is not subject to lightning 
disturbances, nor do transmission-line failures of any description 
influence the electrical service. The only sources of trouble are 
within the generating eqxiipment or the building wiring, and the 
latter source of trouble is present irrespective of the source of 
electricity. 

6. Economy of Diesel Engine. — Operating reports of electric 
generating stations using diesel engines for prime movers con- 
tained in the annual Report on Oil-engine Power Cost of the 
American Society of Mechanical Engineers are ample proof that, 
in many cases, the small diesel power plant can produce electricity 
for an industrial establishment, water-works system, municipal- 
ity, or other consumer cheaper than it can be delivered by other 
means, be it a superpower system or an electric utility using 
either steam or hydro as a source of power. 

Since the engineer is interested in securing electrical energy 
at the lowest possible cost, many occasions occur when it is 
necessary for him to give serious consideration to this form of 
prime mover which is coming more into prominence every year. 

^ Spobn, Philip, Cost of Generation of Electrical Energy, Proc., A,/S.C.E., 
vol. 63, No, 10, p. 1932, December, 1937. . . , 
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After a lapse of many years, the small electric power plant is 
again coming into its own with diesel and gas engines as prim<^ 
movers simply because it can produce electrical energy in many 
instances as cheaply and as reliably as any other prime mover. 
It is coming back through the development and perfection of tlu^ 
compression-ignition engine and the abundance of cheap fuel 
oil and gas. 

6. Preliminary Study Needed. — Since the present-day dies<d 
engine offers an attractive possibility as a prime mover, and sin(H> 



mining plant. (^Courtesy of Caterpillar Tractor Company*') 


the engineer in studying any problem involving the procurement 
of primary power should not overlook any possible economical 
source, consideration should be given to diesel engines wherever 
the cost of fuel oil or gas is such that the resulting cost of pro- 
ducing power with a diesel engine is equal to or less than the 
cost of producing power with steam prime movers or purchased 
electrical energy. 

In order to assure himself that a diesel engine should be 
installed, it is necessary that the engineer, in making a study of 
a power problem, weigh the operating and fixed charges on a diesel 
plant along with the possible operating and fixed charges when 
using steam-driven equipment, or when considering the purchase 
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of electrical energy wholesale. Each pi-oblem of power supply 
must be considered on its own merits, and general theorems have 
no place when a particular problem is under consideration. It is 
necessary, therefore, in selecting any power source that the one 
making the study have at his command all the basic information 
with which to analyze the problem properly in order that the 
most economical power source be made available. 

7. Factors to Consider. — Any preliminary study of a piobleni 
involving the production of power and the selection of the most 
economical method for its production involves consideration of 
the following factors: 

1. Nature and character of load to be supplied. 

2. Size of units required for supplying power. 

3. Space available or required for housing units. 

4. Investment necessary in power-generating facilities and 
accessories. 

5. Cost and character of fuel available. 

6. Cost and character of labor necessary. 

7. Quantity and character of available cooling water. 

8. Maintenance costs. 

9. Auxiliary power requirements. 

With this information, it will be possible to develop the oper- 
ating and total costs for power produced either by diesel or steam 
prime movers. These costs can then be compared with each 
other or with the cost of purchased power (if purchased power is 
under consideration) in order to arrive at the cost of power sup- 
plied by any one of the several sources contemplated. 

It should always be borne in mind that one is seeking to obtain 
the lowest cost consistent with reliability. Cheap cost of power 
without reliability may be the costliest power. Reliability, 
for reliability's sake only, may on the other hand be the most 
expensive of luxuries. 



CHAPTEE II 

VARIABLE LOADS IN POWER PLANTS 

A few years ago a newspaper acquaintance remark(Kl, during 
a conversation, that the most constant thing in this world was 
change. While his remark was based upon his (^xpcri(mi(K\s in 
contact with the daily ebb and flow of events that we d(^signat(^ 
as newSj it very aptly describes a host of problems facing many 
engineers, particularly those who deal with problems involving 
the use of power in any of its various forms. 

The demand for electrical energy imposed upon a central 
station, for example, is continually varying from hour to hour, 
day to day, and year to year. This same variabki demand is 
experienced by the water-works pumping station, a power plant 
serving an industrial establishment, and in many otlxer phuu^s 
where power is produced or consumed. 

8. Daily Load Curves. — Since the demand for clectric.al energy 
at a generating station is continually varying, it is ncct^ssary for 
us to have some means of portraying this variation in such a 
manner that it becomes intelligible. Daily-load curves, siudi 
as those shown in Fig. 4, are used extensively to show the relation 
between load and time for a single day or for several days as a 
means of rough comparison. 

On this curve, the horizontal axis or abscissa is time and the 
vertical axis or ordinate is load in kilowatts. Time starts from 
midnight and ends at midnight so that the chart portrays thc^ 
variation in load for the entire day. An inspection of the two 
curves on Fig. 4, which are taken from actual plant operating 
records, shows a considerable variation in the load supplied by 
the station. 

y Daily-load curves are valuable in assisting the plant operating 
staff to estimate load changes on the days to follow, determine 
shift in the time at which the maximum daily load occurs during 
the various seasons, and detect unusual load shifts which may 
need investigating on the part of the management. 

8 
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Instruments are available for use in central stations producing 
electrical energy which plot this load curve on a continuous chart 
for the convenience and guidance of the plant staff. Such an 
instrument is known as a graphic wattmeter. 

While the load curves in Fig. 4 show what happened through- 
out the 24 hr of two specific days, they can never give a complete 



picture of the load variation which that plant was called upon to 
furnish throughout the year. In order to present the complete 
story of load variation, it will require not two but 365 daily-load 
curves. Should the attempt be made to plot all 365 curves on 
Fig. 4, they would interlace to the point of being meaningless. 

In an attempt to present a picture of the load variation for a 
period of one year, it has been customary in many electric sys- 
tems to cut out of heavy cardboard a load curve for each day 
during the year and to stack these curves in chronological order 
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to give a picture of the variation in load. Such an assembly of 
daily-load curves for one system is shown in Fig. 5. 

9. Load-duration Curves. — While daily-load curves are of 
value in showing the variation in load from hour to hour over a 



l^iG. 5. Block load assembly showing variation in daily electrical load out out 
of Board of Public Umtien, Kanaa. (Hty, KauLa.) 

defimte ^-hr period, it is also necessary to have a means of pre- 
sentmg the load variation for a total of 8,760 hr, or one year, in 
such a manner that the data will be of value. The load-duration 
curve, of which Fig. 6 is an example, is the best known means for 
variation in load for any period of time in a manner 
that lends itself to ready interpretation. As plotted in Fig. 6, 
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any point on this curve shows the percentage of the total hours 
in the year when the load exceeded a given value. Thus^ while 
the peak load on the plant was 1,050 kw, the load exceeded 
575 kw 20 per cent of the time and 450 kw 50 per cent of the time. 

In discussing Fig. 4 containing two daily-load curves, the 
limitations of presenting 365 daily-load curves on the same chart 



Fig. 6. — Load-duration curve. 


were mentioned. Figure 6 contains the information obtained 
from the 365 daily-load curves, of which those in Fig. 4 are only 
two, in a form that is usable for studying the load variation in this 
particular electric generating station. 

Load-duration curves are developed by grouping all the hours 
during a year when a particular load occurred, and then by 
starting with the largest value of load, hours are accumulated for 
all preceding larger load values. Thus for each load value 
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plotted on the load-duration curve, the time value corresponding 
to that load is the summation of all the hours at which this load 
as well as larger loads occurred. As an illustration of the develop- 
ment of the load-duration curve, the daily-load curves for Dec,. 22, 
in Fig. 4, will be used as the data from which to evolve a load- 
duration curve. Table 3 summarizes the grouping of th(^ infor- 
mation taken from the daily-load curve in order to (^onveu’t it 
to a load-duration curve. 


T.\ble 3. — Development op Loal-duuation (Uruvio 


Load, 

kw 

Number of hourg 
occurring 

} Suiniiiatiou, 
total hr 

1,050 

1 

1 

1,025 

1 

2 

855 

1 

3 

845 

1 

4 

810 

1 

5 

700 

1 

6 

575 

1 

7 

550 

1 

8 

520 

1 

9 

500 

2 

11 

465 

1 

12 

460 

3 

15 

450 

2 

17 

440 

1 

18 

410 

1 

19 

405 

1 

20 

400 

1 

21 

390 

1 

22 

385 

2 

24 


The values in Table 3 for the load in kilowatts and the summa- 
tion of total hours are the values that are plotted in graphical 
form to produce the load-duration curve shown in Pig. 7. 
j It may appear that the construction of a load-duration curve 
for the electrical energy production of a power plant is a tre- 
mendous task since it involves the classification of 8,760 hourly 
figures. AVhile some time is required in assembling the data in 
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a form similar to that given in Table 2 , the process may be 
speeded up by grouping values within a definite load range and 
plotting a single point as the average of the group. Thus in 
producing a load-duration curve such as Fig. 6, it is sufficiently 
accurate to take a range of 50 kw for a single point on the curve. 
Thus all load values between 401 and 450 kw would be grouped 
together, and when plotted on the duration curve, it would be 
plotted as 425 kw which is a close approximation of the average 
of all the values in the group. The highest value in kilowatts is 
generally taken as the actual value, as is the point of lowest load. 



Total hours 

Fig. 7. — ^Load-duration curve developed from daily^load curve for December 22 

shown in Fig. 4. 

The variation in a series of load-duration curves for an actual 
power plant covering a period of several years is presented in 
Fig. 8. This series of curves indicates that, in general, the shape 
of the load-duration curve for a particular plant will remain fairly 
constant. Thus in making studies of future load conditions, 
probable duration curves can be estimated based upon the shape 
of the curve developed from the most recent plant information 
available and the estimates available for the probable rate of 
load growth. 

It should be pointed out in passing that, since the abscissa 
or horizontal axis of the duration curve represents time and the 
ordinate or vertical axis represents load, the area under the curve 
represents power output. This property of the curve will be 
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considered in more detail in the following portion of this chai)t(‘r. 
The load-duration curve can also be employed as a graphical 
representation of annual load factor since tlic ratio of area 
under the duration curve to the area of the rectangle boundtal by 
X and Y axes, the abscissa for the maximum load on th(‘ plant 
and the ordinate for 100 per cent total hours in tlic year, is annual 
load factor. 



Per cent totcxl hours in .yeoir 

Fig. 8.- —Variation in load-duration curves from year to year in a central Htation. 


10. Analyzing Variable Loads. — In the considc'.raiion of an 
improvement program for the electric generating plairt previously 
referred to in Figs. 4 and 6, it is desirable to know the kilowatt- 
hours generated per gallon of fuel oil during a year’s ptuiod, if 
diesel prime movers are used. The load-duration curve in 
Fig. 6 was derived from actual plant operating data and will be 
used in the analytical method discussed here. In addition to 
the load-duration curve, the guaranteed performance for the 
diesel-engine unit or group of units under consideration is also 
necessary. 
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Let us consider for this plant the use of two diesel-engine 
generating units each having a full-load capacity of 870 kw. 
The operating schedule will require that the second unit be started 
when the plant load reaches 750 kw, and the plant load above this 
point will be divided equally between the two machines. With 
this operating schedule and the fuel guarantees of the units under 
consideration, a curve of engine performance can be plotted with 




Fuel-oil consumption, gcrl. per hr. 


“CS 

^6 


LOAD DURATION 
CURVE 


"b 20 40 60 80 100 * 

Percenttotoil hours in year 


Fig. 9. — Graphical analysis of variable load in diesel-electric generating station. 


plant load in kilowatts as the ordinate and gallons of fuel oil 
per hour as the abscissa. For conversion from engine manu- 
facturer\s guarantees of pounds of fuel consumed per kilowatt- 
hour to kilowatt-hours produced per gallon of fuel oil, a fuel 
weighing 7.29 lb per gal was used, corresponding to a fuel ranging 
from 28 to 30 A.P.I. gravity. 

In the lower right-hand corner of Fig. 9 is reproduced the 
load-duration curve from Fig. 6, and in the lower left-hand corner 
of Fig. 9 is plotted the performance or input-output curve for the 
group of generating units considered. In plotting the load- 
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duration curve, the abscissa values increase, in th{^ riglit-hand 
direction from the origin, while in the case of tlie input-out.put. 
curve the abscissa values increase in the left-hand dinadion from 
the origin. The values for the ordinates are common to bo^th 
curves. 

With the use of these two curves and elementary nuKdianical 
projection, a third or fuel-time curve is dcvcdopial in upp<'r 
right-hand corner in which the abscissa is p(u-(^(mtage of total 
hours and the ordinate is gallons of fuel oil per hour, 
mechanics of the development of the fuel-time curve are shown by 
means of the dashed lines and arrows for locating one point on 
the curve. Fundamentally, this fuel-time curve shows th(^ 
percentage of time during which the rate of burning fu('l oil 
exceeded a certain number of gallons per hour. Hine(^ the 
abscissa of this fuel-time curve is time and the ordinat(‘. ratc^ of 
oil consumption, the area under the curve is propori.ional to 
the quantity of fuel oil consumed in generating the (piantity of 
electrical energy represented by the area under the load-duration 
curve. This proportion is readily obtained. If, for (‘xn.mpl(\ 

1 in. horizontally represents 20 per cent of the total hours in th<^ 
year, or 1,752, and 1 in. vertically represents 10 gal of fiu'l oil 
per hour, then 1 sq in. of area under the fuel-time c.urv(‘ r(‘pr('s(mts 
17,520 gal of fuel oil consumed. 

For office use, the three curves on Fig. 9 are plottcul on a sluud 
of cross-section paper approximately 17 by 20 in. Siru^e standard 
cross-section paper divided 30 by 10 to the inch is available in 
rolls 20 in. wide, no difficulty is experienced in obtaitiing sheets of 
practically any dimensions for developing the curves in h'ig. 9. 

Areas under the load-duration and fuel-time (uirv(^H can be 
obtained either by the use of a planimeter or by counting scpiartis. 
From the curves developed with this analysis in hig. 9. the 
following information was obtained. 

Table 4. — Summary of DiBSEir-PLANT Analysi 

Total energy generated (actual kilowatt-hours) 

Total energy generated (area under curve, kilowatt-hours) 

Per cent error 

Total fuel-oil consumed (area under curve, gallons) 

Kilowatt-hours generated per gallon fuel oil 

Btu per kilowatt-hour generated 

Over-all plant thermal efficiency, per cent 


3,854,400 

4,150,000 

7.5 

351,000 

11.85 

11,800 

29 
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It is seen from Table 4 that an error of 7.5 per cent is introduced 
in development of and determination of the area under the load- 
duration curve. For analytical purposes, all calculations are 
based upon the areas found under the various curves, owing to 
the fact that an error introduced into the load-duration curve is 
automatically reflected in the fuel-time curve. By using the 
values determined from the curves, the percentage error in the 
value obtained for kilowatt-hours generated per gallon of fuel 
oil is less than if the actual kilowatt-hours generated and the 
value for the total fuel oil-iiconsumed as determined from the 
fuel-time curve are employed. By using the latter combination 
of values, a 7.5 per cent error is automatically introduced into 
the value for the quantity of fuel oil consumed, without any 
compensating error in the quantity for total generation in 
kilowatt-hours. 

The input-output curves for contemplated improvements 
employing other sizes of generating units could be plotted on the 
lower left-hand portion of Fig. 9 and their respective fuel-time 
curves developed. These would enable the designing engineer to 
select readily the most economical combination of units from the 
fuel-economy standpoint. 

11. Willans Line Method. — In many instances, the quantity of 
oil required by a diesel engine for producing a variable output can 
be determined more rapidly than by the method previously out- 
lined. This short cut is based upon the fact that the fuel-oil 
consumption of most modern diesel engines tends to follow a 
Willans line. The Willans line, originally developed for showing 
the performance of steam engines and turbines, is a curve in which 
total fuel input per hour is plotted against load on the unit. For 
steam engines and turbines this curve is practically a straight line 
from one-fourth to full load on the unit. Likewise with diesel 
engines, from one-half to full load the curve of total fuel con- 
sumed per hour is practically a straight line when plotted against 
load on the unit. 

Owing to the fact that for all practical purposes this curve 
remains straight from full load down to approximately 40 per cent 
load, a point on this curve representing the average load on the 
diesel-engine generating unit will likewise give the average quan- 
tity of fuel oil consumed by the unit in pounds per hour, provided 
that the minimum load carried by the unit is not less than about 
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35 per cent of the capacity of the unit. ifi true irre^s-pectwe 

of how the load supplied hy the diesel generating unit rnighl mry. 

Consider, for example, a diescl-cngmc generating unit of l,r)()()-kw capacity 
generating 8,760,000 kwhr annually and having fu(‘l-oil coiiKumptiou tm 
shown in the following table. 

Table 5. — Fuel-oil Consumption by Dikhel 10n<uneh 


Load, kilowatts 1 , 500 

Pounds oil per kilowatt-hour generated . . 0 . 598 
Total pounds 


These fuel-consumption data arc plotted in 
Willans line. Now since the average load on the unit is 8,7(K),0()0/H, 



or n fuel-oil consumption from Fig. 10 ia 630 Ib an hour, 

^7601^^^^ ^‘'^7 The total fuel consumed in generating 

8,760,^ kwhr is the product of this quantity of eleotrioity produced and 

5 So the »ity of oil per kilowatt-hour gene a ed. o 

rfSs ^7 orif,' 8-28 ‘b PO.r gal, ’this 

o ^^-^rage energy production 
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CHAPTER III 

POWER-PLANT PERFORMANCE 

Any study of power cost will be largely t^o data 

obtained from diesel-electric units and plants owing primarily to 
the fact that such plants lend themselves to th(^ c^xaet- ju<‘t<‘ring 
of the output of the unit while the mechanical-driv(' plant. d()(\s 
not lend itself readily to such measurement. Thenv is no voiimn 
why the engineer working out a mechanical-drivc^ prohknn should 
not accept the data obtained from diesel-cloctric plant.s. Prim(‘- 
mover power is delivered as a matter of torque and rotative^ sp(H‘d ; 
what happens to the torque and speed beyond the fly wluu'l is not. 
fundamental to the prime mover itself. 

12. Definition of Terms. — Definitions of terms wdiich are 
employed here as well as in the annual Report on Oil“(‘ngiu(‘ 
Power Cost prepared by the A.S.M.E. are included, as an aid in 
interpreting the information presented in this (•.luipt.(^r. Tlu*s<^ 
reports of oil-engine-power costs referred to have beam issuer 1 
annually since 1929 by the Oil and Gas Power Division of the 
A.S.M.E. Many contend that they show the operating r(\sultns 
of the older slow-speed engines installed in central stations and 
that no account has been taken in these reports of tla’t later dewed- 
opments and improvements in engine design. The furtluu* objec^- 
tion has been voiced that these reports completely ignoi’c^ th(^ 
small high-speed engines which are being \ised mom ext(msiv<dy 
year by year. While there are grounds for these ohjeuviions, 
nevertheless, they contain the most extensive and authoritative^ 
compilation of data on diesel engines employed in ccntral-Htatioxi 
service in the United States. 

13. Ruiming-capacity Factor. — The average load carried when 
operating expressed as a percentage of the full-load rating is (jailed 
the running^capacity factor. When it is given for an engine, it is 
the running-engine-capacity factor (RECF), and when dealing 
with an entire plant it is called the running-plani^capacity factor 
(RPCF). For instance, if a 300-kw unit operates for 10 hr to 

20 
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generate 1,500 kwhr, the running-engine-capacity factor (RECF) 
for that period is 50 per cent. If a plant containing one 300-kw 
and one 500-kw unit generates 4,000 kwhr in a 10-hr period, dur- 
ing which the smaller unit operates continuously and the larger 
for 5 hr, the running-plant-capacity factor (RPCF) for that 10-hr 
period is 


4,000 X 100 
300 X 10 4- 500 X 5 


72.8 per cent 


In this example on running-plant capacity factor, the 72.8 per 
cent might or might not be typical of the operation of the separate 
units. For instance, the 4,000 kwhr might have been produced 
by the smaller unit running at 90 per cent running-engine- 
capacity factor to generate 2,700 kwhr and the larger at 52 per 
cent to generate 1,300 kwhr. It is therefore evident that any 
analysis of engine operation or cost ought to be based upon run- 
ning-engine-capacity factor if obtainable, rather than on running- 
plant-capacity factor. 

Running-capacity factors for electric generating units are 
usually calculated from the gross kilowatt-hour output, or the 
output before deductions for power-plant use of current. 

14. Use Factor. — The use factor for power equipment is the 
amount of energy actually generated expressed as a percentage of 
the energy that would have been generated had the unit or plant 
operated at full rating continuously over the whole period, usually 
taken as 1 year. For example, if a 300-kw unit generated 1,200,- 
000 kwhr in a 1-year period, the use factor would be 


1,200,000 X 100 
300 X 8,760 hr 


45.7 per cent 


Use factor may be expressed by the output per unit of capacity, 
i.e., by the kilowatt-hours produced per kilowatt capacity per 
annum with 8,760 kwhr per kilowatt of installed capacity per year 
corresponding to 100 per cent use. 

Plant-use factor is usually based upon net output. It is useful 
to determine the unit cost for items that are independent of the 
amount of power generated. 

16. Other Factors. — Students of the A.S.M.E. reports will find 
two other factors used there. These are annual-plant-load factor 
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anci SGrvic© factor. The aiiniial-plant~loaci factor iw tlic annual 
gross kilowatt-hour plant production expressed as a p(u*ccuitag(' of 
the gross energy that would have been generated had t.he plant 
operated continuously throughout the year at i>eak load. 

Service factor is the percentage relationship betw<‘(ai hours 
operated and the total number of hours in the peuiod. When 
applied to plants containing several engines, it is an av<‘rage, 
weighted by engine size, 

16. Fuel-oil Use. — Information has been asscunbled by tlu^ Oil 
and Gas Power Division of the A.S.M.E. annually since 1029 on 
fuel-oil consumption of diesel-engine generating units in (HUit ral- 
station service. This information has been pr(\s(nit.<‘<l in t.lu^ 
annual reports in the form of a scries of curv(\s showing 
median fuel economy for all plants studied as w(dl as th<‘ botnulary 
curves for the 90 per cent of the plants exceeding tin' nu‘clia.n and 
the 90 per cent of the plants not ecpial to nunlian fiud- 
economy curve. Figure 11 is a reproduction of this data pre- 
sented in the 1938 Report on Oil-engine Powcu’ Gosi . It will be 
noted from a study of this curve that find (‘c.onorny in gross 
kilowatt-hours produced per gallon of fuel oil is pl(>t,te<l against 
plant-running-capacity factor in per cent. It is n^jidily appanuit 
from this curve that as the plant-running-capacity factor incrtaistss 
the quantity of electrical energy produced per gallon of find oil 
consumed also increases. This is to be expected, Ixuaxuse t-lie 
best efficiency of any diesel engine is generally betwc^eti 
fourths and full load on the engine. 

Median curves of fuel-oil economy taken from several of th(‘ 
annual power-cost reports have been reproduced in Fig. 12. It. 
^vill be seen from a study of these curves that there has b(‘en 
an improvement in the efficiency of plants, particmlarly in thos(^ 
operating above 80 per cent plant-running-capac.if.y fac^tor. As in 
the former fuel-economy curve taken from thc^ 1938 rc^port, the 
fuel economy improves as the plant-running-<;apa<iity factor 
increases. Curves presented in both Figs. 11 and 12 are open to 
the criticism that they show the operating results cJf engines that 
have been in service as long as 30 years, as well as engines that 
have been in service only a few years. The data, thereof ore, while 
interesting, are of little practical value when considering the per- 
formance of modern engines. That there has been an improve- 
ment in the fuel economy of diesel engines is borne out by a study 
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■ Includes 90f of the PIsnts 
havino Better than Median Fuel Economy 





Includes 00% of the 
Plants having Poorer 
■ than Median Fuel Economy ■ 



O 95* of Gross Output by 4 Stroke Air Inj. Units 
® • • • • *4 ■ Mech • ■ 

n • • * • <2 ‘Air * * 

? . . • . .. 2 • Mech •’ * 1 

• • • ■ • 2 • Mech \ ■ Z 

A * • * * * Mixed Type Diesel Units 

Note I <• Separate Scavenging 
Note 2- Crankcase ' 

Note a*^- Gross Kw-hr Includes Power for Scavenging Blow< 
Note b - * • • It Motor Generator 

Excitation 


PLANT RUNNING CAPACITY FACTOR IN PER CENT 

Fig. H. — Fuel economies of 115 full-diesel plants. {A.S.M.B. data.) 
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of these oil-engine power-cost reports made by P. H. Schweitjzer^ 
and contained in Table 6 taken from his study. 

[4^ 

,3 - 

12 


ol: ^ ^ L I . I I I I i 

0 10 20 30 , 40 50 60 70 80 90 100 

Plant running capacity factor, per cent 
Fig. 12 .— Median fuel economy of full-diescl plantH for nix animal rciMirtM. 
i,A.S.M,E. dalaS) 

This table was developed from a study of tlu^ median ciirvciH 
for the various types of engines installed betweem 1922 and 1937 . 
Schweitzer goes on to state in his study: 

1 Schweitzer, T H., Where Does Interpretation Begin? AnalyHis of the 
Oil-engine Power Cost Report, Proc. O.G.P. Div. A.S.M.E,, 1939.’ 
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The mechanical-injection engines demonstrated a phenomenal 
improvement in their fuel economy and took the leadership from the 
air-injection engines, although the latter recorded some improvements 
also. It is obvious that estimating the probable fuel economy of a 
modern engine from statistical figures which include engines of various 
ages would be very misleading. 

Table 6. — Effect of Engine Age on Ettel Economy 




Fuel 

economy, 


Type of engine 


kwhr per gal 

Per cent 
increase 



1922 

1937 


F our-stroke, air-in j ection 


10.8 

12.8 

18.5 

Four-stroke, moehanical-inj ection. . 


10.4 

13.8 

32.6 

Two-stroke, air-in j ection 

Two-stroke, mechanical-in j ection, 

separate- 

11.2 

12.3 

10.0 

scavenging 


10.7 

13.4 

25.2 

Two-stroke, mechanical-inj ection, 

crankcase- 




scavenging 


9.1 

12.4 

36.2 


The question arises, is the improvement due to the better mechanical 
condition of the new engines or to improvements in design and con- 
struction? The answer is that the improvement is almost entirely due 
to better design and construction. M. J. Reed has investigated the 
history of 28 engines which have reported fuel economies successively 
for 5 years or more. Of these, three operated for less than 10,000 hr 
total in the longest continuous period and were therefore eliminated. 
The data for the remaining 25 units are shown diagrammatically in 
Fig. 13. 

Examination of Fig. 13 does not indicate that fuel economy deteri- 
orates progressively. Eighteen of the 25 units show better economy 
in the last year than the average reported. This should prove that 
engine age as such has no pronounced effect on the fuel economy. 

This study points out the further interesting conclusions from a 
study of the data contained in the annual Reports on Oil-engine 
Power Cost: 

1. The engine load has a great effect on fuel-oil economy. The 
greater the average load on the engine, the more kilowatt-hours 
are produced per gallon of fuel-oil consumed by the engine. 

2. The type of engine has a small effect on fuel-oil economy. 
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3. The year of engine manufacture has a great effect on fuel-oil 
economy. The more modern the engine, the better the fuel-oil 
economy owing to improvements in design and construction. 

4. Engine size has practically no effect on fuel-oil economy. 

5. Engine speed has practically no effect on fuel-oil economy. 

6. Specific gravity of fuel oil has practically no effect on fuel-oil 
economy. 

Fuel-oil-consumption guarantees for several makes, types, and 
sizes of modern diesel engines are contained in Fig. 14. While 
fuel-oil guarantees are made for only one-half, three-quarters, 



Engine looid, per cent full load ratinof 
Fig. 14. — Range of fuel-oil consumption for diesel engines. 

and full load, the manufacturers are requested to furnish data for 
fuel-oil consumption at one-quarter load on all diesel-engine proj- 
ects handled by the consulting-engineering organization with 
which the author is associated. Figure 14 shows that diesel 
engines in excess of 200 hp will have relatively the same fuel- 
oil-consumption guarantees. Thus at full load, the variation is 
0.07 lb; at three-quarters load, 0.05 lb; and at half load, 0.08 lb. 
Since all fuel-oil-consumption guarantees are now quoted subject 
to a 5 per cent tolerance, the information contained in Fig. 14 for 
three-quarters and full-load conditions will practically all fall 
within the tolerance limit. 

While this curve of fuel-oil consumption can be used for pre- 
liminary studies, it is advisable before making final fuel-economy 
studies to obtain information from several manufacturers of diesel 
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engines covering the specific engine sizes recpiired in ordcn* to 
obtain the latest fuel-oil-consumption guarantc'C's. In <>l)taining 
these guarantees, care must be taken to <l(^t<*rnnn<^ what, limita- 
tions, if any, are placed upon them. Usually guarani <‘(\s an^ 
based upon intake air temperatures of 40 to t)() h' a.ml baromc^.ric 
pressure of the intake air between 28.25 and 30 in. llg. 

17. Natural-gas Consumption.— For estimating th(* fu(4 (‘on- 
sumption of natural-gas engines, data from nunu'rous (mgine 
manufacturers have been averaged and plot.t<‘d in Fig. 15. It can 
be assumed for all practical purposes that the high h(‘at value of a 



Per cent rated load 

Fig. 15. — Average heat consumption of natural-ga« . 

cubic foot of natural gas as purchased is 1,000 Btu. Wliere a 
more careful check of the heating value of gaseous fuc'ls is d(\sir(*d, 
reference should be made to the data contained in (4iap. X. 

18 . Lubiicating-oil Use. Data on lubricating-oil eonsumpt ion 
of diesel engines installed in central-station scu'vie.e has b<Mm com- 
piled annually by the Oil and Gas Power Division of th(‘ A.H, M . F. 
during the past 10 years. This information has Ixnm Hummanz<‘d 
m the annual reports in the form of a series of curves showing th<^ 
me ian lubricating-oil economy as well as the boundary curves for 
ne 90 per cent of the plants exceeding the median and the 90 per 
cent o± the plants not equal to the median. Figure Ki is a 
reproduction of these data presented in the 1938 Report on Oil- 
engine Power Cost covering that year only. It will be noted that 
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the curves given in this figure are all straight lines. They have 
been constructed as straight lines on the theory that lubricating- 

REPORT ON OIL-ENGINE POWER COST FOR 1938 



oil consumption of any engine is a constant at constant speed 
regardless of load. This may not be strictly true, but experience 
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dictates that it is sufficiently accurate for all pni(*ti(*al purposcss. 
Thus, as the plant-running-capacity factor iricreaH(*s, tlu' kilo- 
watt-hours generated for each gallon of lubricaiting oil (^onstiUH^d 
also increase. 

The various engine builders do not makc^ gTiarant(‘(\s on lubri- 
cating-oil consumption because of the fact that operat ing |K‘rson- 
nel and plant conditions have such a great o.tToet on lubrieating-oil 
consumption. Since guarantees are not madci on lubrieaf ing-oil 
consumption, and since lubricating-oil consumption cannot b<» 
accurately determined except on test runs of long duration or from 
actual operating records, the only accurate information on lubri- 



Yeer of performance 


Fig. 17.— Lubrication performance of the same 74 diow'J for th»» 

1930-1935. (Reed.) 

cating-oil economy is contained in the annual Hoports on Oil- 
engine Power Cost. 

Plant operators very often tend to ovcrlubricat(‘ th(‘ir engiru^s 
and particularly to overlubricate cylinders, llie ('fleet of smai 
excessive lubrication is twofold. Lubricating oil, lik(‘ ftu'I oil, will 
burn, and excess lubrication will tend to show a dec.n'asc! in 
oil consumption. Lubricating oil burned in th(^ (;y]ind(‘r Ichvph 
behind carbon which may be blown out the exhaust, or n^main to 
cause stuck rings and valves. 

For estimating lubricating-oil consumption in coniundJon with 
economic studies, one can usually assume 2,000 to 3,000 ratcul 
horsepower hours per gallon of lubricating oil. Thus a 100-hp 
engine would consume a gallon of lubricating oil every 20 to 30 hr 
of operation. 

M J Reed has investigated the lubricating-oil economy of 74 
identic^ engines oyer a period of 6 years and obtainc^d Fig. 17 
which shows an insignificant variation in lubricating-oil econ<miv 
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as the engine gets older. The lubricating-oil economy of an 
engine once installed does not remain constant but usually varies 
in cycles. In the second year the lubricating-oil economy is, as a 
rule, better than in the first year because the engine has run in. 
Then for 4 or 5 years, the economy slightly deteriorates because 
of cylinder and ring wear. After 5 or 6 years, there is a general 
overhaul, involving replacement of piston rings, and sometimes 
liners. After that the lubricating-oil economy is about equal to 
that of the new engine and the cycle repeats. Therefore the 
engine age as such can be ignored as a factor in lubricating-oil 
economy. 

Schweitzer arrived at the following conclusions based upon his 
study of the annual Reports on Oil-engine Power Cost. 

1. The engine load has a great effect on lubricating-oil economy. 
The greater the average load on the engine, the more kilowatt- 
hours are produced per gallon of lub!ricatimg oil consumed. 

2. The type of engine has a great effect on lubricating-oil 
economy. 

3. The year of engine manufacture has a great effect on lubri- 
cating-oil economy. The more modern the engine, the better 
the lubricating-oil economy, owing to improvements in design and 
construction. 

4. Engine size has practically no effect on lubricating-oil 
economy. 

5. Engine speed has practically no effect on lubricating-oil 
economy. 

19. Maintenance. — The maintenance of diesel engines, as 
pointed out by Spencer in a paper before the Oil and Gas Power 
Division of the A.S.M.E., ranges from the fix-it- when-it-breaks 
idea to a very finely worked out system of inspections so complex 
as to be of questionable economic value. There is no argument 
against the fact that adequate and conscientious maintenance of 
equipment results in longer life for the equipment and better 
operating performance. 

In this connection it is interesting to consider some of the 
complaints that have been raised by plant operators in regard to 
difficulties ‘they have experienced with equipment under their 
supervision. The plant operator often loses sight of the fact that 
equipment does wear out and that mechanical difficulties will 
confront him from time to time. Many operating men fail to 
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realize that if no part ever wore out or no ,failur(‘ of sn<‘h a part, 
occurred it would be possible to lock up the doors of the plant, 
discharge the operating staff, and merely have an at.tiuulaiit couk^ 
and inspect the equipment in operation oiufc a \ve(‘k, piiinarily to 
ensure that sufficient fuel and lubricating oil availahh* for 

another week's operation. The subject of relia-hility of (li<‘sel- 
engine equipment will be discussed elsewhcax'. in this hook. U is 
intended only to point out here that equipnumt must h(‘. watch<‘<l 
constantly and that the reward of consta,nt vigiki,n(‘<‘ is fewc'r 
mechanical difficulties and lowered maintenance^ cost s. 

While maintenance is a thing which starts wluui an (uigitu^ or 
any other item of mechanical or electric.al eepupnamt is put into 
operation, it is advisable to know what w(‘. nnty <'xp(H‘t- in th<‘ way 
of maintenance costs for equipment wo an^ (‘ontcnnplat ing install- 
ing. The best source of information pc'rtaitiing to inaint<‘ruin<‘.<‘ 
costs in diesel power plants, and particularly for t.hos<» i)lants 
utilizing slow-and medium-speed engines, is t.h<‘ H<‘port. on ( )il- 
engine Power Costs to which previous ref(‘r(UK‘<^ has lunai tnad<\ 
These reports afford the basis for the following cost infornmtioii 
on maintenance. 

From the 1937 cost report, a total of 47 plants wit.h caigim^- 
maintenance records of five or more years with tlu* sanu* itist alknl 
engine horsepower were analyzed. From this analysis it was 
found that the engine-repair costs for (>5 per cent of th(*> plants w'as 
$1 or less per installed brake hors(^power peu' y<^ar, whih^ the 
remaining 35 per cent had engine-repair cost.s in (^x<h»sh of this 
amount. This study further indicated that n^gardh^ss of wlu'tiusr 
or not the plant was operated continuously or used for p(*ak-load 
and stand-by service the maintenance costs W(U’(^ pracditudly 
the same for both types of plants. Likewise^ the inaintcmaruje 
cost apparently was not influenced much by engim^ horscqxjwer 
per unit or the number of units installed. 

The same report gave 70 plants for which thc^ record of the 
total supplies, repairs, and miscellaneous plant (a)stH was available 
for periods of 5 or more years on the mme instalhal horsc^power 
through the period studied. According to the definition of terms 
in the questionnaire sent out by the Oil and Gas Power Division of 
the A.S.M.E. for compiling the Report on Oil-engine Powcu* Ck>st, 
supplies are defined gs 'Ttems used in the power gcuu'ral ing plant 
which are consumed in the operating process, the replacauxauii of 
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which does not constitute a repair or renewal.^’ The principal 
items of supplies are listed as '‘waste, packing, wipers, gauge 
glasses, gaskets, bolts, screws, nails, dynamo and motor brushes, 
cans for containing rags and waste, transformer oil, or hand oil 
cans.'' Miscellaneous is defined as being items such as "lighting, 
heating, and cleaning systems, fire-protection systems, janitor 
supplies, ice water, meals and carfare, stationery, telephone and 



Fid. 18." --Engine repair and total supply, repair and miscellaneous costs for 
diesel-clectric plants. (^A.S.M ,E. data.) 

toilet service, care of streets, yards and sidings." While this cost 
in terms of dollars per brake horsepower per year is greater than 
engine- repair costs owing to the inclusion of other items listed ' 
above, these figures likewise indicate that it apparently does not 
make much difference whether the plant is operated continuously 
or for peak-load service insofar as the cost for supplies, repairs, 
and miscellaneous items is concerned. In this instance, the 
installed horsepower does appear to have some bearing upon the 
total cost of supplies, repair, and miscellaneous costs. 
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From this study, Fig. 18 was dovclopc'd to show both (‘iigiiuv 
repair costs and total supplies, repairs, and inis<H^UuiU‘ous (‘osts 
in a form which indicates the percentage of th(‘ plaid s inv(‘stigat (hI 
in which the cost per brake horsepower per yi'ar (‘xe<‘<‘d<Ml a giv<‘n 
value in dollars. For example, referring to tlu^ two (‘urv(\s in 
Fig. 18, it is seen that engine-repair costs (^x(UH‘<l('d $1 per brake' 
horsepower per year in 35 per cent of the plants st udiial, and t hat 
the total for supplies, repairs, and misci'llaiH'ous (‘osts <'X(a'('d(‘d 
$2.25 per brake horsepower per year for 35 pc'r <‘ent of t ht' plants. 



Likewise 50 per cent of the plants had engiiu'-n'iiair costs h'ss t lain 
80 cents and total supply, repair, and misiadlaiu'ous ('osts of less 
than $1.75. 

The data pertaining to engine-repair costs ar<' shown in hlg. H) 
in relation to installed horsepower in the plant. In Fig. 20 
is presented information showing the total supply, repair, and 
miscellaneous costs in relation to the instalUal liorsc'pow^er in 
the plant. 

The apparent lack of uniformity of pattern to tlu^ data in 
Figs. 19 and 20 can be explained only by assuming that those 
plants which show the highest maintenance costs are opcuiitcal on 
the theory “let it break first. Experience with diesed plants 
and diesel-plant operators over a period of years leads on<' to the 
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conclusion that the operator who does an adequate maintenance job 
on a periodical schedule which is never varied has nothing to worry 
him. As one very successful diesel-plant superintendent puts it, 
I neglect my maintenance I'm playing on borrowed time." 

As proof of the ability of a plant superintendent or chief 
engineer to reduce maintenance costs and improve reliability of 
diesel prime movers in electric-generation duty, the following 
maintenance record covering 9 years of operation of the municipal 
power plant at Ponca City, Okla., is given. 
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5000 


This record, covering primarily the four engines installed 
from 1924 to 1928, is all the more impressive in light of the fact 
that the fuel used during this period showed a specific gravity 
ranging from 10 to 11° B6; flash point, 265 F; carbon residue 
(Conradson), 9 to 10 per cent; viscosity at 100 F (Saybolt 
universal), 452; and asphalt at 100 F penetration, 43.9 per cent. 
During the year 1936 the four air-injection units then installed 
averaged 10.1 kwhr per gal of fuel oil and 2,249 kwhr per gal 
of lubricating oil. 

20. Plant Labor. — In order to determine the requirements for 
plant labor, reference has been made to the information con- 
tained in the Report on Oil-engine Power Costs for the year 1937. 
This report contained 75 plants for which complete labor informa- 
tion was available. Peak-load and stand-by plants were elimi- 
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TabIiB 7. — Maintenance Data, Ponca City, Okla. 


Engine 


Units installed 


Date installed 


1 1,250 hp Nordberg type EG, 2-cycle, air injection 

2 1,260 hp Nordberg type EG, 2-cycle, air injection 

3 and 4 1,250 hp Nordberg type EG, 2-eycle, air injection 

2,250 hp Nordberg type TA-216, 2-cycle, air injection 


January, 1924 
March, 1926 
April, 1928 
November, 1937 


Year ending June 30 

Kwhr produced 

Maintenance cost 

Total 

Per horsepower 
installed 

Per kwhr 

1929 

7,955,600 

$ 3,873.55 

$0,774 

$ . 00487 

1930 

8,470,800 

2,671.00 i 

0.534 

.00315 

1931 

8,839,200 

2,660.85 i 

0.531 

.00301 

1932 

8,718,700 

1,621.90 

0.325 

.00180 

1933 

8,624,600 

2 , 373 . 38 

0.475 

. 00275 

1934 

9,161,800 

3,580.18 

0.717 

. 00392 

1935 

9,637,400 

3,205.19 

0.640 

. 00333 

1936 

10,115,500 

3,849. 04 

0.770 

.00381 

1937 

11,017,400 

4,538.74 

0.908 

.00413 

Total 

82,541,000 

$28,373.83 



Average per year. , . 

9,171,222 

$ 3,152.65 

$0 . 630 

$.00344 



Year ending Deo. 31 

1 Engine No. 1 

Engine No. 2 

Engine No. 3 

Engine No. 4 







Hours operated 


1929 

5,103 

5,728 

2,971 

913 

1930 

5,332 

6,155 

2 , 606 

1,473 

1931 

5,572 

6,345 

3,167 

736 

1932 

5,261 

5,614 

2 , 444 

1 , 938 

1933 

5, 181 

5,765 

2,247 

2,616 

1934 

3,600 

4,683 

5,104 

3,416 

1935 

3,494 

5,608 

5,371 

2,809 

1936 

5,083 

1 

6,042 

4,508 

2,937 


Major parts replaced in addition to one set of cylinder liners for each engine 


Engine No. 1 

Engine No. 2 

Engine No. 3 

Engine No. 4 

2 bottom halves main- 
bearing shells 

1 crosshead bearing 

1 rebabbit crank-pin 
bearing 

1 inner cylinder bead 

1 inner cylinder bead 

1 rebabbit crank-pin 
bearing 

3 crosshead bearings 

3 inner cylinder heads 

3 rebabbit crank-pin 
bearings 

1 piston head 

4 orosshead bearings 

1 liner for high-pres- 
sure compressor 

1 set camshaft gears 

1 croashead bearing 

1 rebabbit crank-pin 
bearing 

1 inner cylinder head 


Balance consists of piston rings, compressor valves, miscellaneous small parts, and gaskets. 
These engines are still running with original piston heads, piston skirts, and wrist pins 
except for one piston head replaced in No. 3 unit. 
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natcd from consideration since the labor for such plants is 
subject to too many factors outside of equipment operation. 
When consideration is being given to a plant for peak-load or 
stand-by power vscrvice, labor requirements should be given 
special consideration. 

Those data indicated that when the installed capacity is 
1,000 hp or less it is practically universal to use one man per 
shift, and when the plant exceeds this installed horsepower, the 
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Fig, 21. — Plant labor, man-hours per year per installed brake horsepower. 

{A.S.M.E. data.) 

number of men per shift increases. This information is given in 
Fig. 21 and is sliown as man-hours per year per installed brake 
horsepower for various sizes of plants. For example, with a 
plant having an installed capacity of 2,000 hp, it appears that 
customary practice would call for approximately 5.5 man-hours 
per installed brake horsepower per year, or a total of 11,000 
man-hours of plant labor for the year. On the basis of three 
8-hr shifts per day, this represents 1.25 men per shift on the 
average. This could be interpreted to mean that three shifts 
are operated with one man per shift, with a fourth man called 
upon for part-time and relief operation. 
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The whole subject of the number of operators per shift in any 
plant is one that calls for considerable study of the plant in 
question. Not only is the number of operators per shift influ- 
enced by the size of the plant as determined by the horsepower 
capacity, but the number of engines, number of engine cylinders, 
design of plant, and the possibility of operating the engine equip- 
ment in conjunction with other facilities as in a water-works 
plant, for example, may influence the size of the plant staff. 

A study of wages paid to operators in diesel-engine plants and 
as reported by the A.S.M.E. indicates that operators can be 
secured at rates corresponding roughly to the wages paid for 
comparable work in comparable trades. Wage rates for oper- 
ators vary over the country and are influenced largely by the 
prevailing rates for skilled craftsmen in the particular lo(‘.ality. 
A study made from the 1935 Report on Oil-engine Power Cost 
indicated that the lowest rate reported was 18 cents per hour, 
the highest $1.52, and the median 52 cents per hour. ITiis 
study was based on data supplied by 103 plants scattered through- 
out the United States. 

In determining the labor cost for any particular plant, it is 
necessary to determine the number of men required per shift, 
and the probable wage rates to be paid in the locality where the 
plant is being considered. These two factors will permit deter- 
mination of the labor cost for plant operation. 

21. Auxiliary Power Requirements. — In a plant of any size, it 
is rare that all the power delivered at the generator terminals is 
available to handle the ultimate load. Usually some is required 
to operate cooling- water pumps, lubricating-oil centrifuge motors, 
starting-air compressor, fuel-oil-transfer pumps, for lights, and 
to make up for electrical losses between the generators and out- 
going switchboard panels. Very small diesel units may mount 
all equipment as engine attachments, driven by gears or chains 
from the crank or cam shaft. In such cases, there is virtually 
nothing to subtract from the generator output because the needed 
power has already been subtracted before the main output is 
delivered to the engine flywheel. For very large engines, more 
equipment may be motor driven as, for example, the scavenging 
blower. 

There is a wide discrepancy in the percentage of gross power 
that is used in the power plant. One situation responsible for 
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high percentages is the practice, undesirable though it is, of 
using electric power for the heating of lubricating oil before 
centrifuging. On the other hand, plants pumping city water 
often divert part of it from the outgoing main for engine cooling 
and thereby vshow a fictitiously low use owing to the absence of 
power g(uierally necessary for pumping cooling water. 

In Fig. 22 are shown the percentages of gross output for sta- 
tion use plotted against running-plant-capacity factor for 131 
plants (all giving such data) listed in the power-cost report for 



Fid. 22. — lOloci/ritnt.y rc(ixiir«d for station auxiliaries and lighting in per cerit of 
gross generation. (A S.M.B. data, 1937.) 

the year 1937. The wide swing in values is quite apparent. 
However, order can b(i arrived at by adopting a theory that 
station rcKpiirements are constant regardless of running-plant- 
capacity facitor. As a matter of fact, this theory is about correct. 
The (H>oling-water pumps arc rarely slowed down or throttled for 
reduced load, the air compressor is operated for about the same 
period, the lubrica*ting-oil centrifuge goes along at the same rate, 
the lights are needed just the same, and the losses are probably 
nearly constant. The curve in Fig. 22 is drawn so that half the 
points are above, half below. It is also constructed so that the 
percentages result in constant energy for station use. You will 
note, for example, that 3.15 per cent of full load is equal to 6.3 
per cent of half load. 
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If the assumption can be made, as seems likely, that plants 
using electric heaters or other wasteful equipment balance other 
plants by-passing pay-load water for cooling, this median is a fair 
indication of what the power-plant use should be. The average 
engine of the report is one that is self-contained as to fuel injec- 
tion, scavenging, and lubricating-oil pumping, but not so in 
respect to cooling-water, centrifuge, starting-air, fuel-transfer, 
and lighting load. Therefore, the curve of Fig. 22 applies to 
such units. Corrections should be made when applying this 
curve to any other auxiliary arrangement. 

This curve illustrates the relationship between gross and 
net demand or peak. For example, if the net peak load is to 
be 500 kw, the gross peak will be 500/0.965 or 518 kw, assuming 
that it is planned to handle the peak at 90 per cent of rating, 
where the use of gross is shown to be 3.5 per cent. 



CHAPTER IV 
ECONOMIC STUDIES 

So far this book has been devoted to a discussion of variable 
load conditions imposed upon electric generating stations and the 
factors affcHjting the operating costs of equipment. In this 
chapter, in fiirtheran(‘,e of the preliminary study of the adapt- 
ability of the int(^rnal-com})ustion engine for prime-mover duty, 
matters of equipment and building costs will be considered, as 
well as a study of the selection of units and their reliability. 

22. Cost of Diesel Plants. — ^Any cost information presented 
here must be very general. It is obviously impossible to present 
data that will cover all points involved in making cost estimates 
or to anticipate changes in price levels. It is necessary, therefore, 
to check ecpiipment prices thoroughly whenever a close estimate 
of constniction cost is necessary by obtaining current quotations 
from the eciuipment manufacturer. 

In I^'ig. 23 engine and generator prices current in January, 
1935, are shown. The engine prices covered within the range 
of the two upp(u- (iurves shown in this figure include the engine, 
flywheel, pyrometer, exhaust muffler, intake-air muffler, air 
filters, starting-air plant, fuel-oil day tank, cooling- water pumps, 
oil cooler if rocpiired, temperature alarms, and all piping for the 
engine together with the necessary erection labor for installation. 
At the bottom of this figure generator and exciter prices have 
been includcvl, using 2,400-volt three-phase 60-cycle generators 
and dii'CHit-connected 125-volt exciters. These priSes have been 
reduced to unit pri(ie per engine brake horsepower so as to make 
it possible to add the generator cost per horsepower of engine 
capacity direcdly to the engine price to obtain the cost of the 
entire unit per engine brake horsepower. 

No addition has been made in Fig. 23 for lubricating- and 
fuel-oil conditioning equipment, exhaust heat boilers, switch- 
board and wiring, cooling system, oil-storage and handling 
equipment, engine foundations, or building necessary for housing 
the eq\iipment. 
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While the prices contained in Fig. 23 were current in 1935, 
they have been fairly constant during the past several years. In 
all probability they are somewhat low at the present time (Jan- 
uary, 1942) and should be checked when an actual installation 
is contemplated. They do furnish, however, a ready check of the 
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Fie. 23. Cost of diesel engines and generators, dollars per engine brake horse- 
power, 1935-1938. 


relative costs of engine-driven generating units of the various 
sizes covered by the chart. 

From an examination of this figure it is seen that a relatively 
wide range of prices per engine horsepower exists in the smaller 
horsepower sizes. This is due, primarily, to the difference in 
the rotative speeds of the engines considered. ..While, in general 
for a given horsepower rating of an engine, the higher the rotative 
speed, the lower the cost of the engine per brake horsepower, this 
is not always true. Therefore, it cannot be considered that the 



Art. 22J 


ECONOMIC STUDIES 


43 


upper curve represents the slower rotative speed while the lower 
curve represents the higher rotative speed engines. 

An additional guide in checking estimates of diesel-electric 
generating stations is contained in Fig. , 24. The lower curve in 
this chart shows the cost of all plant equipment including two 
diesel engines, two generators, two exciters, mufflers, air filters, 
switchboard and wiring, cooling equipment, fuel-oil storage 
tanks, station piping, and all other equipment and erection costs 
exclusive of the building and foundations required. Both 
generating units included arc of equal size. The upper curve 



Fia 24 — Cost of comx)loto diosol-cloctric generating stations based upon 1938 

data. 

gives the cost per kilowatt of the entire plant including the 
equipment as well as the building and foundations. Data from 
which Fig. 24 was developed contained price information current 
during 1939 and 1940, although existing (January, 1942) price 
conditions make this material somewhat low for present market 
conditions. This pair of curves does show, however, that after 
the plant capacity reaches approximately 1,400 kw the cost per 
installed kilowatt of generating capacity remains practically 
constant up to 2,150 kw. 

These data have been verified during the past several years 
by the author's own experience. However, it is advisable at this 
point to offer a word to those who read these pages on the matter 
of cost information. No cost i'nfor'tnation is of any value which 
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tot been accumulated by the 'person 'who uses it. Anyone 
assembling cost information to be used for developing estimates 
of a particular installation should consult with equipment maiiu- 
facturers as to the prevailing prices of equipment and as to the 
probable future trend of these costs. Under the conditions 
existing today, cost information will be good only during the 
immediate future, and it may be higher or even low(u* tomorrow. 
When it is realized that the equipment in a dievsed- or othcu' 
internal-combustion-engine power plant represents 85 to 90 pen- 
cent of the total plant cost, it is readily apparent why it is ncHjes- 
sary to obtain from the equipment manufacturtu* estimating 
data with which to prepare an up-to-the-minute cost of thci 
project contemplated. 

. 23. Building Estimating Data. — In addition to the (iost of thci 
diesel-engine generating or power units in a plant, the (‘,ost of 
building construction, power wiring, switchboard costs, and otluM* 
accessory equipment not included in the engine manufacturer^s 
figures must be included to complete the necessary estimate of 
cost. 

The organization with which the author is associated has been 
assembling data on costs of power-plant buildings constructed 
during the past 10-year period. The data obtained from a repre- 
sentative group of these buildings are contained in Table 8 which 
shows the date of contract, building volume, structural steel per 
cubic foot of building volume, and the cost per cubic foot of 
building volume. All structures were equipped with rein- 
forced-concrete substructure and structural-steel and brick 
superstructure. 

Building costs should be estimated high, probably considerably 
higher than the values given in the accompanying tables. The 
reasons for ^'raising the sights’^ on preliminary estimates are 
twofold. In the first place, the construction of the projcHjt may 
be delayed one or two years after the preliminary cistimates have 
been prepared, introducing unforeseen contingencies and possible 
increases in cost. In the second place, information is not always 
available when the preliminary estimate is made which will 
permit the estimator to make a close check on building-construc- 
tion costs. 

24. Switchboards and Wiring. — Other items of cost such as 
switchboards and wiring should be estimated liberally. For 
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Table 8. — Contract CJosts op Diesbl-po wee-plant Buildings 



Capacity 

Building 
volume, 
ou fli 

Weight 

struc- 

Cost, cents per 
cu ft 


Date 

Hp 

Kw 

tural 
steel per 
cu ft, 
pound 

Building 

Building 

and 

founda- 

tion 

Notes 

1934 

2—375 

2—250 

69,400 

0.70 


22.0 


1934 

1— -375 
1—4 50 

1—250 

1—300 

67,300 

0.64 

28.1 

32.5 

PWA job 

1935 

2—450 

1—300 

59,400 

0.70 

33.5 

38.7 


193(3 

3—050 

3—447 

147,400 

0.68 


34.6 

PWAjob. Space pro- 
vided for fourth unit 

1938 

2-000 

2—400 

57,300 

0.64 

28.3 

32.8 

PWA job 

1939 

2—800 

1—000 

2—500 

1—450 

164,700 

0.79 


31.6 

PWA job 

1940 

3—1,000 

3—700 

177,000® 

0.44 


34.5 

PWA job 

1940 

1— 1,500 

2— 1, ()()() 
1—000 

1—1,100 

2—700 

1 — 100 

303,000'* 

0.63 


26.8 

Space provided for 
fifth xmit 


Notio. — BuildiuK volunxos oomputed on measurements from center lines of columns and 
from roof dock to bottorxi of basomont slab. 

« Building vohime computed on out-to-oui of walls and from roof deck to bottom of base- 
ment slab. 


Tablio 9. — Divibion of Bxjilbing Costs for Three Recent Projects 


Item 

1936 

1940 

1940 

(Iowa) 

(Iowa.) 

(New 

York) 

Excavation, backfill, and disposal 

2.0 

2.4 

4.6 

Cloncrotci, formwork, and reinforcing steel 

33.0 

26.2 

29.5 

Walls, including brick, wall tiles, stone, windows, 
doors, and plastering 

36.0 

24.7 

25.8 

StriKitiiral stend and miscellaneous iron 

17.7 

14.8 

11.2 

Roof, imduding roof slabs, insulation, roofing, 
cants, and flashing 

6.1 

4.3 

4.6 


94.8 

72.4 

75.7 

Heating, plumbing, air conditioning, and lighting 

5.2 

6.7 

7.7 

Miscellaneous eejuipment 

0 

20.9 

16.6 


100.0 

100.0 

100.0 
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example, it was a matter of common knowledge that with open- 
type switchboards having oil circuit breakers of modest inter- 
rupting capacity the cost could be taken at $1,000 per panel, 
which figure included the cost of the necessary switchboard 
panel, instruments, oil circuit breaker, necessary power and 
control wiring to the generating unit of power circuit, and the 
installation labor. Today this figure for small plants would 
probably be nearer $1,500 per circuit. With the use of metal- 
clad switchgear, and circuit breakers of higher interrupting 
ratings in anticipation of increased plant capacity in the future, 
the cost per circuit would be even higher, ranging from $2,000 
to $3,000 per circuit. 

26, Piping costs for internal-combustion-engine power plants 
will vary considerably, owing partly to the type of cooling system 
employed and partly to the desire of the designer or owner to 
install special accessory equipment or unusual piping arrange- 
ments. The cost of the piping system for a closed or double- 
circuit cooling system is always more expensive than that for an 
open or single-circuit system since two independent circulating 
systems must be installed. 

An examination of the piping in many diesel plants ckiarly 
shows that no two plants are provided with the same piping 
arrangement. Furthermore, this examination has shown that 
very few piping systems for diesel plants have been designed 
before the mechanical work of pipe cutting and fitting was 
started in the field, with the natural result that too often the 
piping cost was excessive and the operating was anything but 
simple. In view of this situation, therefore, it is not surprising 
to find the piping costs in two plants having the same number of 
engines of equal horsepower varying by as much as 50 to 80 per 
cent- 

From data available on a number of internal-combustion- 
engine power plants, it appears that when an open or single- 
circuit cooling system is utilized and no piston cooling is required 
the piping cost will range from $1.50 to $2 per installed brake 
horsepower. When a closed cooling system is required, and 
where piston cooling is necessary, the piping cost will range from 
$2 to $2.50 per installed brake horsepower. In general it has 
been found that piping costs consist roughly of 50 per cent mate- 
rial cost and 50 per cent labor and overhead costs. The largest 
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portion of the cost of piping in an internal-combustion-engine 
plant having over 500 hp installed capacity is in the cooling-water 
system, This condition results from the necessity of employing 
cooling t,ow(n\s or spray ponds in a majority of cases for heat 
dissix)ation wlierc relatively large quantities of water must .be 
transi^orted a considerable distance between the engines and the 
cooling tower or pond, 

26. Cost of Traveling Cranes. — Relative costs of traveling 
cranes for use in maintenance of large engines and generators are 
given in Table 10. A 5-ton hand-operated crane having a 40-ft 
sj^an will cost between $1 ,000 and $1,200 at the factory. 


Tablh 10.— U.Mi.A'rivi'3 (\>sTs OF (Franks (40-pt Span) 


Capacity, 

TTand 

Motori^sod 

Three-motor 

tons 

ojx^ratod 

hoist only 

crane 

5 

100 

140 

280 

10 

130 

190 

360 

15 

200 

280 

480 

20 

235 

335 

565 

25 

245 

365 

625 

30 

1 

280 

420 

710 


27. Fuel-oil Prices. — The cost of fuel oil is influenced by the 
same (KX)nomic laws as other commodities. Prices rise as the 
demand inert', ascs and fall when buying falls off. Variations in 
prices of 32-30 A.P.I. gravity fuel oil as quoted by Oklahoma 
refineries are given in Fig. 25 and include average yearly prices 
as well as the variation in price at the refinery from 1925 to 1941. 
This grade of fuel is somewhat higher than would be purchased 
for a diesel power plant and is given to illustrate the price varia- 
tion over the past 17 years. Variations in price per barrel of 
heavy residual fuel oils at Oklahoma refineries are shown in 
Fig. 26. The Oil and Gas Journal carries current fuel-oil quota- 
tions at the major refining centers each week. 

Stxidies of variations in fuel-oil prices show that they tend to 
follow coal prices. This probably is due to the fact that many 
steam plants, equipped to burn either coal or oil, buy that fuel 
which is the cheaper. As a consequence, this shifting from one 
fuel to another depending upon market conditions tends to make 
oil prices rise as coal prices increase and fall as coal prices drop. 
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28. Reliability of internal-combustion engines, and diesc'l 
engines particularly, has been a subject of study and invcstigai.ion 



Fig 25. — Variation in price of 32-36 A.P.I. gravity fuel oil, fob Gr<)iii> 3 rofi.n(*r5(‘H, 

Oklahoma. 



Oklahoma. 

over a period of more than 10 years. Since 1929, the annual 
Reports on Oil-engine Power Cost prepared by the A.S.M.K. 
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have enumerated data regarding enforced shutdowns of engines 
in operation as well as the hours each engine was out of service 
owing to such shutdowns. 

In defining an enforced shutdown, the 1938 questionnaire 
sent out by the Oil and Gas Power ‘Division of the A.S.M.E. 
states that ''An enforced shutdown is a stoppage because of 
actual or imminent engine trouble. The duration of an enforced 
shutdown m the time necessary to correct the trouble which 
caused the shutdown. A prearranged shutdown for maintenance 
work is not considered an enforced shutdown.'^ In this definition 
of enforced shutdown failure of apparatus other than the engine 
is not considered, nor is time down for regular routine main- 
tenance of the engine included. 

An analysis of enforced shutdowns as reported in these power- 
cost reports has been made for the decade 1930 to 1939. During 
the period considered in this analysis a total of 2,642 engines 
were', reported with complete information regarding enforced 
shutdowns and the time necessary for making repairs. Each 
of theses engines was reported for an entire year, so in reality this 
analysis deals with 2,642 engine years. The total hours of 
operation of these engines were 8,839,209, or an average of 3,540 
hr of operailon ixu* engine per year. During this period con- 
sidercnl there oc>cun*ed a total of 1,955 enforced shutdowns, or an 
av(U‘agc of 0.74 (mforced shutdown per engine per year. Of the 
total of 2,()‘I 2 cmginti years reported, over 75 per cent reported no 
onforc.ed shutdown time. 

The comi)lotc analysis of the enforced shutdowns based upon 
the hours of operation per year of the engines is set forth in 
Table 1,1. In pre^paring this tabulation, it was considered that 
while no cnfonaKi shutdowns might be reported for some engines, 
nevcrthch’iSH these engines were grouped with those having less 
than 1 per cent enforciod shutdown time. This table shows that 
the total hours of enforced shutdown averaged 1.08 per cent of 
the total opcjrating hoxirs and that the highest percentage of time 
down was with engines operating less than 1,000 hr per year. 
This table further shows that enforced shutdowns in reality have 
no relation to the number of hours an engine is operated annually. 

Any machine made by human hands is subject to failure; it is 
therefore impossible to ensure that no failures will occur. The 
data contained in Table 11 indicate that the chances of the 
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enforced shutdown time exceeding 1 per cent of the operating 
time is 1 in 10. In fact, the chances are three out of four that 
there will be no enforced shutdowns at all. By dividing the 
probability of an enforced shutdown into 20 equal parts, there 
are 15 chances that no enforced shutdowns will occur, 3 chances 
that there will be one or more with enforced shutdown time not 
exceeding 1 per cent of the operating time, and 2 chances that 
enforced shutdown time will exceed 1 per cent of the operating 
time. The probability that enforced shutdowns will occur on 
two units simultaneously in a given plant is very small. 


Table 11. — Reliability op Dixasel Rnoin'es 


Hr per 
engine 

Num- 

ber 

of 

en- 

gines 

Total 

operating 

hr 

Enforced shutdowns 

Engines witiv 
shxittlown time 

Num- 

ber 

Total 

hr 

Per 

cent 

oper- 

ating 

hr 

Aver- 

age 

num- 
ber per 
engine 

Aver- 
age 
hr i)er 
<ni- 

Kine 

Less 

than 

1 % 

1- 
2 % 

2- 

5% 

Over 
5 % 

0-1 , 000 

537 

230,138 

127 

14,845.3 

6.45 

0.24 

27.05 

490 

6 

12 

29 

1,001-2,000 

320 

466,922 

146 

23,949.9 

5.12 

0.46 

74.90 

279 

9 

9 

23 

2,001-3,000 

441 

1,116,619 

235 

16,038.5 

1.44 

0.53 

36.25 

398 

12 

13 

18 

3,001-4,000 

420 

1,970,672 

265 

10,401.2 

0.53 

0.G3 

1 24.78 

380 

13 

12 

15 

4,001-5,000 

430 

1,938,811 

321 

12,108.4 

0.63 

0.75 

28.15 

399 

7 

16 

8 

5,001-6,000 

239 

1,312,996 

247 

9,781.5 

0.75 

1.03 

41.00 

210 

10 

9 

10 

6,001-7,000 

132 

846 , 364 

251 

3,801.8 

0.45 

1.91 

28.80 

118 

8 

5 

1 

7,001-8,000 

82 

613,024 

318 

4,727.8 

0.77 

3.88 

57.60 

69 

2 

7 


8,001 + 

41 

343 , 663 

45 

177.5 

0.05 

1.10 

4.33 

41 

0 

0 

I ^ 0 


2,642 

8,839, 209 

1,955 

95,831.9 

1.08 

0.74 

36 . 20 

2 , 384 

67 

83 

r 108 ' 


Studies have also been made as to the effect of engine age upon 
enforced shutdowns. Apparently age has no appreciable effect 
upon the number of enforced shutdowns, and there appears to 
be no reason to anticipate that as an engine becomes older the 
number of enforced shutdowns will increase annually. 

29. Economic Studies. — In Chap. I, attention was called to 
the fact that whenever power is required, it is necessary to deter- 
mine the most economical source of that power. The informa- 
tion presented in the chapters following, as well as that contained 
in this chapter, should be considered in the preliminary studies 
of power problems involving consideration of internal-combustion 
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engines. The application of this information in actual cases 
will now be discussed. 

The cost of power produced by mechanical and electrical 
equipment is usually considered to consist of (1) operating costs, 
which include fuel, labor, taxes and insurance, equipment main- 
tenance, and miscellaneous supplies, and (2) investment costs, 
which are the c.osts of machinci\y and equipment, made up of 
interest and princiipal payments on the capital invested in the 
power-producing nuKihinery. Extensive discussions of the vari- 
ous means for developing these costs are contained in the litera- 
ture on engiue(u‘ing economics. Several examples are given to 
show how these economic computations are made. 


Exmnple I. Power for Driving Pump. A farmer wants to irrigate a tract 
of land for a jicriod of 5 months a year. It requires 50 hp to drive the pump, 
and either an internal-e.onibuation eixgine or an electric motor drive can be 
used. The erngine installed and ready to operate will cost him $3,000. 
Fucil oil costs 6 cents jx^r gallon delivered and weighs 7.5 lb per gal. Lubri- 
cating oil c-osis 50 <‘.ents per gallon. An electric motor and control for the 
installation will ('.ost $(>00. C>ost of energy will average 3 cents per kilowatt- 
hour during tlu^ time th(i inimp is used, but during the 7 months the pump 
is not opt^rati/ig a minimum charge of $50 per month is required. Both 
installations an‘. to pay out over a 5-yoar period. 

Comparative (‘.osts arc as follows: 


Source of power 

Engine 

Electric 

motor 

Fuel cost, 0.43 lb fxiel per hhp-hr, or 3,450 gal. . . . 

Lubricating oil, 2,000 rated hp-hr per gal 

Maintenance, $1.50 per hp per year 

Taxes, 1 per (sent of (uiuix)m<mt cost 

Cost of el<H!tricity, 47,700 kwhr at 3 cents 

Stand-by 7 "x" .$.50 . ^ , , , , , 

$ 207.00 

15.00 

75.00 

30.00 

$ 6.00 
1,231.00 

350.00 

142.00 

Fixed charg(jH on equipment, 23.74 per cent 

Total annual c.OHt. 

712.00 

$1,039.00 

$1,729.00 



Fixed charg(i8 are determined from Table 12 on the basis that an equal 
payment will bo made each year covering both the interest on the outstand- 
ing indebtedness as well as a portion of the principal. The table shows that 
a debt bearing 6 per cent interest can be retired in five annual payments, 
each payment being 23.74 per cent of the debt. 

Example II. Power for Radio Transmitter. — A remotely located radio 
transmitting station requires a maximum electrical load of 60 kw and uses 


52 


DIESEL- AND GAS-ENGINE POWER PLANTS [C'hap. J\' 


Table 12. — Equal Annual Payments '^ 


7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 


27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

100 


2% 

2 M % 

3% 


4% 

>2 % 

5% 

1 . 0200 

^.0250 

1 . 0300 

1 . 0350 

1 . 0400 

1 1 . 046( 

1 . 0500 

0.5150 

0.5188 0.5226 0.5264 

0.5302 

1 0.5340 

1 0.5378 

0.3468 

0.3501 

0.3535 

0-3569 

0 . 3603 

; 0.3638 

; 0.3(>7 

0.2626 

0.2658 

0.2690 

0.2723 

0.2755 0.278' 

0.2820 

0.2122 

0.215; 

0.2184 

0.2215 

0.2246 

. 0.2278 

1 0.2310 

0.1785 

0.1815 

0.1846 

0.1877 

0.1908 

; 0.1939 

0. 1970 

0.1545 

0.1575 

0.1605 0.163. 

0.1666 

' 0.1697 

0. 1728 

0.1365 

0.1395 

0.1425 

0.1455 

0.1485 

. 0.1516 

0. 1547 

0.122. 

0.125. 

0.1284 

0.1314 

0.1345 

. 0.1376 

0. 1407 

0.1113 

0,1143 

0.117, 

0.1202 

0.1233 

0.1264 

] 0.1295 

0.102; 

0.1051 

0.1081 

0.1111 

0.1141 

0.117; 

0. 1204] 

0 . 0946 

0.097." 

0.1005 

0.1035 

1 0.1066 

0.1097 

0. 1128 

0.0881 

0.0910 

0.0940 

0.0971 

0.1001 

0.1033 

0. lOGi : 

0.0826 

0.0855 

0.0885 

, 0.0916 

1 0.094: 

0.0978 

0. 1010 

0.0778] 0.0808 

0.0838 

0.0868 

0.0899 

0.0931 

0.0903 

0.0737 0.0766 

0.0796 

0- 08271 0.0858] 0.0890 

0.0923 

0.0700 

0.0729 

0.0760 

0.0790 

] 0.082; 

0.0854 0.0887 

0.0667 

0.0697 

0.0727 

0.0758 

1 0.0790 

1 0.082; 

0.0855 

0.0638 

0.0668 0.0698 0.0729 

0.0761 

0.0794 0.082' 

0.061: 

0.0641 

0.0672 

0.0704 

0.0736 

0.0769 

0.080! 

0 . 0588 

0.0618 

0.0649 

0.0680 

0.0713 

0.0746 

0.0780 

0.0566 

0.0596 

0.0627 

0.0659 

0.069; 

0.0725 

0,07( J 0 

0.0547 0.0577 

0.0608 

0.0640 0.0673 

0 . 0707 

0.0741 

0.0529 

0.0559 

0.0590 

0.0623 

0.0656 

0.0090 

0.0725 

0.051. 

0.0543 

0.05741 0.0607 

0.0640 

0.0674 

0.0710 

0.0497 

0.0528 

] 0.0559 

0.0592 

0.0626 

0.0660 

0.0( M )() 

0.0483 

0.0514 

1 0.0546 

0.0579 

0.061 

0.0647 

0 . 0683 

0 . 0470 

0.0501 

0.0533 

0.0566 0.0600 

0.0635 

0.0071 

0.0458 

0.0489 

0.0521 

0 . 0554 

0.0589 

0.0 C 24 

0.()6( i () 

0.0446 

0.0478 

0.0510 

0.0544 

0.0578 

0.0014 

0.0061 

0.0436 

0,0467 

0.0500 

0.0534 

0.0569 

0.0604 

0.0041, 

0.0426 0.0458 

0.0490 

0.0524 

0.0559 0.0596 

, 0.0 fi 33| 

0.0417 

0.0449 

0.048; 

0.0516 

0.0561 

0.0587 

] 0.0( i 25 l 

0.0408 0.0440 

0.0473 

0.0508 

0.0543 

0.0680 

0.0618] 

0 , 0400 

0.0432 

0.0465 

0.0500 

' 0.0536 

0.0673 

0.0611 

0.039! 

0.0425 

0.0458 

1 0.0493 

0-0529 

] 0.0566] 0.0604] 

0.038 J 

, 0.0417 

0.0461 

0.0486 

0.0522 

0.0560 

0.0598 

0.0378 

0.0411 

1 0.0445 

0.0480 

0.0516 

0.0554 

0 . 0593 

0 . 0372 

0.0404 0.0438 

] 0.0474 

0.0511 

0.0549 

0.0588] 

0.0366 

0.0398 

0.0433 

0.0468 

0.0506 

0.0543 

0.0583 

0.0360] 0.0393 

0.0427 

0.0463 

0.0500 

0.0639 

0.0678 

0,0354 

0.0387 

0.0422 

0.0458 

1 0.0495 

0.0534 

' 0.0574 

0 . 0349 

0.0382 

0.0417 

0.0453 

0.0491 

0.0530 

0.0570 

0.0344 0.0377 

0.0412 

0.0449 

0.0487 

0 . 0526 

0.0506 

0.0339 

0.0373 

0.0408 

0.0445 

0.0483 

0.0622 

0.0563 

0.0335 

0.0368 

0.0404 

0.0441, 

0.0479 

0-0518 

0.0559 

0.0330 

0.0364 

0.0400 

0.0437 

0.0475 

0.0516 

0 . 0550 

0 . 0326 

0.0360 

0.0396 

0.0433 

0.0472 

0.0512] 

0.0553 

0.0322 

0.0356 

0.0392 

0.0430 

0.0469 

0 . 0609 

0.0550 

0.0318 

0.0353 

0.0389 

0.0426 

0.0466 

0.0506 

0.0548] 

0.0301 

0.0337 

0-0373 

0.0412 

0-0452 

0.0494 

] 0.0537 

0.0288, 

0.0324] 

] 0.0361 

0.0401 

0.0442 

0.0486 

0.0528] 

0.0276 

0.0313 

0.0351 

0.0392] 

0.0434 

0.0477 

0.0522 

0.0267 

0.0304 

0.0343 

0.0385] 

0.0427 

0.0472 

0.0517 

0.0259 

0.0297 

0.0337] 

0.0379 

0.0422 

0.0467 

0.0613 

0,0252 

0,0290| 

0.0331 

0.0374, 

0.0418 

0.0464 

0,0510 

0.0246] 

0.0285] 

0.0326 

0.0370] 

0.0415 

0.0461, 

0.0508 

0.0240] 

0-0280] 

0.0323 

0.0367 

0.0412 

0.0459 

0.0506 

0.0236 

0.0276 

0.03191 

0.0364 

0.04101 

0.0457 

0.0506 

0.02321 

0.0273 

0.0316 

0.0362] 

0.0408] 

0.0456] 

0.0504 


1 . 0600 
0.5454 
0.3741 
0.288(1, 
0.2374 

0.2034 1 
0. 1791 
0. 1610 
0. 147(; 
0.1359 

0. 1268 
0.1193 
0.1130 
0. 1070 
0. 1030 

0.0990 
0.09541 
0.0924 
0 . 0896 
0.08721 


0.0813 

0.0797 

0.0782 

0.0709 

0.0757 

0.0746 

0.0736 

0.0726 

0.07181 

0.0710 

0.0703 

0.0696 

0.0690 

0.0684 

0.0679 

0.0674 

0.06(59 

0.0665 

0.0661 

0.0(557 

0.0663 

0.0650 

0.0(547 

0.0(544 

0.0(541 

0.0639 

0.0(537 

0.0634 


1 . 0700 

0.5531 

0.3811 

0.295: 

0.2439 

0.2098 
0. 185(1 
0 , 1 ( 57 ;: 
0.1535 
0. 1424 1 

0. 1334 
0. 1259 
0.1197 
0.1143 
0. 1098 

0. 1051 j 
0. 1024 
0.0994 
0.09(58 
0.0944 

0.0923 

0.0904 

0.0887, 

0.0872 

0.08581 

0.0846 

0.0834 

0.0824 

0.0814 

0.080(5 

0.0798 

0.0791 

0.0784 

0.0778 

0.0772 

0.07(57 

0.07(52 

0.0758 

0.0754 

0.07501 

0.0747 

0.0743, 

0.0740 

0.0738 

0.0735 

0.0733 

0.0730 

0.0728 

0.0726 

0.0726 


1 .0800 
0 . 5(508 
0 . 3880 
0.3019 
0 . 2505 

0.21(53 
0. 1921 
0.1740 
0.1601 
0.1490 

0. 1401 
0, 1327 
0. 1265 
0. 1213 
0. U68 

0.1130 
0. 1090 
0. 1067 
0.1041 
0. 1019 

0.0998 
0.0980 
0 . 09(54 
0 . 0950 
0 . 0937 

0 . 0925 
0.0914 
0 . 0905 
0 . 089(5 
0 . 0888 

0.0881 
0.0875 
0 . 0869 
0.08(53 
0.0858 

0 . 0853 
0.0849 
0.0845 
0.0842 
0.0839 

0,083(5 
0 . 0833 
0 . 0830 
0 , 0828 
0.0826 

0 , 0824 
0 . 0822 
0 . 0820 
0.0819 
0.0817 


0.06251 0.0717, 0.0812 


Pish, John C. L. : “Engineering Economics, 
party, Inc., New York, 1923. 


0.0614 

0.06101 

0.06081 

0.0606 

0.0604 

0.0603 

0.0002 

0.0602 


0.0712] 0.0808 
0.0709 0.0805 


0.0706 

0.0704 

0.0703 

0.0702 

0.0702 

0.0701 

0.0701 


0 . 0804 
0 . 0802 

0.0802 
0.0801 
0.0801 
0.0800 
0 . 0800 


2d ed., p. 249, McGraw-Hill Book Coiu- 


^ n is number of years in period. 
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300,000 kwhr annually for operation of transmitters, lights, and station 
auxiliaries. Th(^ unit nearest the si«:e required for maximum load is a 150-hp 
engine eonne(‘t,ed to a 100-kw generator. The cost of the entire plant con- 
taining two units is estimated to be ,‘i;23,000. Studies of load conditions 
indicate that 1 1 kwhr will be produced per gallon of fuel oil costing ‘5 cents 
per gallon <lelivca*(ul. Lubric^ating oil chests 50 cents per gallon, and mainte- 
jianoc is ta-kcai a,t $1 per horsc^power per year of installed capacity. The 
eost of the eciinpnumt is to be retired over a 10-year period with.interest at 
4)2 cent. Th(i cost of energy delivered is developed as follows: 


Knergy dcdivtu'od to radio station 300,000 kwhr 

Energy gen<;nit.('<I (phint use 0.5 p<>!r c<ait of generation). . . . 320,000 kwhr 


Fuel cost 

I,Aibrie.a,ting oil 

Maintenance at $1 })(‘r hors<*power 

'baxes at 1 per <^<mt 

Mis<udIaneous expens(‘s 

Fix(^d charges (Tabic 12, 12.04 per cent) 
Total aTiiiual <u)st 


320,000 X 0.05 
ll 

150 X 8760 X 0.50 
2,500 


$1,460 
- 263 


300 

230 

100 

2,900 


$4,253 


No labor charge has Ixuiii inad(^ against the operation of the plant since 
the (>p(U’ating staff of t-h<^ station will attend to the operation and servicing 
of the (iquipmcint. 

Exam.-ph III. Electric Generating Station . — A small community needs an 
elcctri(‘. gemua-ting station for supplying its residents with light and power. 
The peak load during the, year is 500 kw, and the total quantity of energy to 
be produced (including power for operating station auxiliaries) is 1,750,000 
kwhr annually. The problem is to select the proper sizes and number of 
generating units to m(x^t the requirements. 

Supplying an clcc,tric utility calls for high-quality service. It must be 
continuous, and the plant mxist be capable of handling the load imposed 
upon it rcjgardk^ss of which of the generating units are available for service. 
It is ruicc^ssary, tluTofore, to have installed in the station more generating 
capacity ( ban that required to c,arry the peak load in order that any difficulty 
whicdi might Ixi i‘.xperi(‘,nc(‘,d with one engine would not stop the plant from 
supplying th<^ maximum demand. In this case it is necessary to carry a 
load of 500 kw ri^gardless of which generating unit is out of service. There 
arci many (‘.ombiuations of units that will produce this result, but we shall 
consid(u* only two of them. Those two combinations of units to provide 
firm capaciity are as follows: 

Flan A .—Two 500-kw generators connected to two 750-hp engines. 

Flan B . — Two 330-kw generators connected to two 500-hp engines. One 
l70-kw generator connected to one 250-hp engine. 

Under plan A either unit will handle the maximum load of 500 kw, while 
xmder plan B it will take two units to handle the maximum load. 
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Under some conditions, it has been proposed that a 500-kw 
generating unit and a 250-kw generating unit be installed for the 
conditions set forth in our illustration, owing to the fact that a 
large portion of the time the load is considerably below one-half 
the capacity of the 500-kw generating unit. Such a combination 
would be satisfactory if the requirements of utility service would 
countenance an. occasional outage of considerable duration. 
Since an adequate plant must be capable of supplying the load 
which occurs, and since with the 500-kw unit down for adjust- 
ment or repairs, it would be possible to carry only a load of 
250 kw with the smaller unit, such a proposed combination of 
generating units is not adequate to provide reliable elcKdrical 
service. When such a combination is used for electric-utility 
service, the plant designer is merely gambling that it will not be 
necessary to have the 500-kw generating unit out of service at 
any time when a load in excess of 250 kw might occur. However, 
if a small unit is considered as a necessary addition to the pbint in 
order to improve station over-all economy in the matter of fuel- 
oil consumption, then either three smaller units as proposed 
under plan B or two 500-kw units together with a unit of 1,70 
to 250 kw are necessary. 

The relative costs for the two plants as set forth under i)lan 
A and plan B are as follows: 


Item 

Plan A 

Plan B 

Installed capacity, kilowatts 

1,000 

2 

$135,000 

$135 

830 

3 

*143,000 

$171 

Number of units 

Total plant cost 

Cost per kilowatts installed 



The operation of either plant would require the same staff. 
As shown by Figs. 19 and 20, the maintenance, supply, and 
miscellaneous expenses would be practically the same for both 
installations, and for purposes of comparison let us consider that 
the maintenance costs for the three smaller engines would be 
about $300 a year less than for the station with the two larger 
units. Fixed charges would be based on 20-year bonds drawing 
4 per cent interest. 
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By the method outlined in Chap. II, it is found that the use 
of the three smaller units as set forth in plan B will save 2,000 
gal of fuel oil annually. The lubricating-oil consumption will 
be practically the same for either plant so that it can be neglected 
for purposes of comparing the two installations. With this data, 
and considering fuel oil costing 5 cents per gallon delivered at 
the plant site, it is now possible to make a comparison of the 
relative costs of these two proposed plans. These are sum- 
mariized as follows: 



Plan A 

Plan B 

Total iTivostJxuiiit 

$135,000 

9,928 

300 

100 

$143,000 

10,525 

Tixofi oharf^oH r7.36 por ooiit) 

Additional inaint(‘naiic*.<': 

Additional fuel cost 

Oonxparativo costs 

$ 10,328 
$ 197 

$ 10,525 

1 

Saving by plaxi A 



Under plan ^1, where two units each of a size to handle the 
maximum load arc used, the costs will be slightly cheaper than 
under plan B where three units are installed. There is a further 
advantage for plan A when considering an electric utility where 
the load is subject to future growth. As the load begins to 
increase, and it becomes necessary to add generating capacity, 
the installation of another 500-kw generating unit will raise the 
firm capacity of this station to 1,000 kw. In the case of plan B, 
when a fourth unit, is added, the firm capacity of the station will 
be only 830 kw regardless of the size unit added equal to or 
exceeding 330 kw. It has been the experience of most small 
diesel-electric generating stations that when a small unit has 
been installed to carry the valley load'" from midnight till 
morning the unit was used only for a period of a few years since 
the constant growth in the plant load, including this valley load, 
necessitated the use throughout the 24 hr of the day of machines 
having greater capacity. 

Industrial power plants present a somewhat different picture 
owing to the fact that the load growth will not be so great as that 
experienced in an electric utility. Furthermore, it is not neces- 
sary in many industrial establishments to have the continuity of 
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service necessary in a utility station. For example, many indus- 
trial establishments operate normally on either a 5- or 5^^-day 
schedule with the remainder of the week available for repairs and 
adjustments of equipment. Consequently, it is not always 
necessary to provide the stand-by capacity required in an electric 
utility where continuity of service is necessary. This point will 
be discussed further in the following chapter. 

Each installation must be considered in the light of the limita- 
tions applying. No hard and fast rules are applicable to all 
cases, and the one making a study of the conditions for a par-tic- 
ular installation must consider capacity of units, rciiahility 
necessary, as well as the economical unit or combination of 
units which will best meet the conditions. 



CHAPTER V 

THE INDUSTRIAL POWER PLANT 

This chapter deals with the use of internal-combustion engines 
for prime movers in industrial and commercial establishments. 
Such plants are those serving a single establishment or organiza- 
tion in contrast to the utility plant that serves, all consumers of 
electricity in a community or territory embra-cing many com- 
munities. In many respects the power plant for an industrial 
establishment is very similar to that required by an electric 
utility — in other respects it is vastly different. These similarities 
and differences form the basis of this chapter. 

30. Where Engines Are Used. — Internal-combustion engines 
are employed as prime movers for electrical generating units 
which in turn produce the electricity required for the operation 
of industrial plants, stores, apartment buildings, and schools. 
They are also used for driving compressors, water pumps, cotton 
gins, and other mechanical-drive applications. In fact, the 
internal-combustion engine can be used as a power source for any 
service within the capacities of commercially produced engines. 

They have been used in increasing numbers in industrial and 
commercial establishments over the past 15 years, owing to the 
fact that their use has been the economical solution to many 
power problems. Furthermore, the development of small- 
and medium-capacity units with rotative speeds ranging from 
600 to 3,000 rpm has made tremendous progress. This develop- 
ment has provided engines of horsepower capacities at a price 
that has made their use attractive in many industrial, com- 
mercial, and institutional plants. 

31. Design Problems. — The small plant for industrial or 
institutional service must be devoid of many of the auxiliaries 
and refinements necessary in central-station plants, owing partly 
to the smallness of the installation and partly to the limited 
funds available with which to provide an adequate power plant. 
With small units, many of the auxiliaries such as cooling-water 

57 



58 


DIESEL- AND GAS-ENGINE POWER PLANTS [Cuap. \ 


pumps, radiator for cooling jacket water, and fuel and lubricating- 
oil filters form a part of the engine assembly. Provisions, there- 
fore, need not always be made by the plant designer for special 
cooling facilities or lubricating- and fuel-oil conditioning equip- 
ment as in the case of the large station. 

Suitable housing facilities can usually be found in the building- 
basement or in a room in the factory or institution without having 
to design a separate structure for the equipment. .h]ven where 
separate housing facilities are required, the structural problems 



Fig. 27.— Diesel-electric units supply electricity at Old Faithful Imi, Vcllowstc 
irarlc. {Courtesy of Caterpillar Tractor Company.') 


involved are very minor in comparison to those encountered in 
the large station. 

Electrical accessories necessary for small generating units are 
more or less standardized, and necessary switchboard panels 
and control wiring facilities are not complicated by many of 

the accessories that must be provided in large central-station 
installations. 

The maj or problem of design in the small plant is the -deter- 
mination of those factors which a»e of prime importance; incor- 
porating in the plant the necessary essentials and eliminating all 
unnecessary accessories and gadgets. 
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32. Primary Requirements. — Two items determine the design 
of the small plant. They are 

1. Horsepower capacity required. 

2. Type of service (continuous or intermittent). 

Both these items will be considered somewhat in detail. 

33. Horsepower Required. — The engine horsepower required 
in any instance must be determined from a study of available 
information concerning that particular case. If, for example, 
it is desired to drive a centrifugal pump with an engine, it is 
necessary to know the total pumping head, the quantity of water 
pumped, and the pump efficiency. From these data, the power 
recpiii-ement can be calculated by means of the equation 

P Qw X h . . 

3,960 X e,, 

where P = horsepower input to pump. 

Q,o = pumping rate, gallons per minute. 
h = total pumping head, feet. 

C/, = pump efficiency. 

On the other hand, if an electrical load is to be supplied, the 
horsepower of the engine necessary to drive the generator can be 
tak<in for approximation purposes as 1.5 times the generator 
rating in kilowatts. Thus a 50-kw generator will require 
50 X 1.5, or 75 hp of engine capacity to drive it. Standard 
sizes of a-c generators from 25 to 4,000 kw are given in Table 57, 
Chap. XVTII. 

In each case a study of the individual conditions must be made 
to determine the power requirements. The study may require 
consideration of one or more of the following: 

.1 . Amount of power being replaced. 

2. Will the equipment being driven require the maximum, 
rated, or continuous output of the engine? (See reference to 
rating of engines operating over 750 rpm in Chap. VIII.) 

3. Peak demand and characteristics of present electrical load 
(see Chap. II). 

4. Analysis of manufacturer's ratings of power equipment in 
operation. 

To determine this last item correctly, considerable care is 
required. If name-plate ratings of electrical motors, pumps, and 
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other power-consuming devices are the only sources of informa- 
tion in selecting a unit or units for providing power, the person 
making the estimate must be careful to see that the engine selected 
is not too small for the job nor yet so large that it never runs at 
full-load rating. In a study of this type it is necessary to know 
not only the aggregate horsepower required to drive all equip- 
ment, but also the horsepower normally operating and the 
maximum horsepower that will be operating for periods exceed- 
ing one-half hour, as well as the probable instantaneous maximum 
loads to which the engine will be subjected. 

Consideration must also be given to the possibility of futur(‘ 
load increases either by providing for extra capacity in the engine 
installed or by allowing sufhcient space for the installation of 
more units at a later date. 

34. Type of Service. — The relative continuity of service 
required from the small power plant will influence the number of 
units that must be installed, as well as the number and character 
of essential auxiliaries. The plant requiring power intermittently 
during a few months of the year would need only a single engines 
with a minimum of auxiliaries. The manufacturing establish- 
ment that is operating on a continuous 24-hr schedule 7 days a 
week would require a plant comparable to a central station in 
which at least two engines are installed with either engine being- 
capable of carrying the entire plant load. Consider some actual 
examples dealing with the problem of service continuity. 

Case I. Cotton Gin . — Cotton ginning is a seasonal bxisinoss 
occurring during the cotton-picking season in late summer and 
early fall and usually extending over a 3- to 4-month period. 
Gins operate only when the planter brings his cotton pick to the 
mill. As a result, power requirements are both seasonal and 
intermittent. In a situation of this kind, it is not essential that 
power be available every hour throughout the year. A single 
engine of sufficient horsepower to drive the gin is all that is 
required. Plenty of time is available while the engine is not 
operating for required maintenance, and even though mechanical 
trouble might develop during the ginning season no serious dam- 
age to product in process would occur. A minimum of auxiliary 
equipment would be needed, and fuel storage would be held to a 
minimum consistent with requirements during the operating 
season and the ability to get fuel upon short notice. Obviously, 
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it would be unwise to end the operating season with a large fuel- 
oil stock in hand (say 10,000 gal) which during the following 8 or 
9 months would be subject to loss through evaporation as well as 
being a potential fire hazard in a plant which is closed for a long 
period. 

In a plant of this type where dust, cotton lint, and abrasive 
dirt permeate the air, special care must be taken to provide ade- 
quate cleaning of the air used by the engine. 

Cam TI. Locker Plant . — The locker plant is a cold-storage 
plant equipped with individual compartments for the storage of 
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Fr,«. 28. — Klootricity used by locker plant. (.Courtesy of Power.) 

meat and other food products. The plant staff prepares, freezes, 
and stores the food in individual lockers for future use by the 
customers. Mechanical-refrigeration equipment is employed, 
and the usual electrical demand for such a plant, including power 
for operating the refrigerating compressor, lights, and incidental 
power requirements, ranges from 15 to 25 kw. The electrical 
energy used by a typical locker plant is shown in Fig. 28. 

An examination of the electrical load indicates that service 
is required throughout the year. Furthermore, because of the 
perishable nature of the foods stored, continuity of refrigeration is 
essential. The usual insulated- wall construction of locker plants, 
together with the stored refrigeration capacity in the system, 
permit extended shutdowns of the mechanical equipment (proba- 
bly from 24 to 48 hr under favorable conditions) without damage 
to food stored therein. Some locker plants run their refrigeration 




62 DIESEL- AND GAS-ENGINE POWER PLANTS [Chap. V 

machinery only during the daytime and .shut down for 8 to 12 hr 
at night. 

Under such an operating schedule, normal engine and equip- 
ment maintenance could be done during shutdown hours. Fur- 
thermore, stand-by capacity in the form of a spare engine is not 
essential since any difficulty experienced with engines of a size 
required for a plant of this character could, in all probability, be 
remedied during a normal shutdown period. 



Fig. 29. — Diesels bring economy into the picture by handling peaks and suiumer 
loads at high efficiency at Connecticut College. (Courtesy of Power.) 


In an installation of this type the engine could oi)erate the 
refrigerating compressor with a belt drive, and, in addition, drive 
a small electric generator to provide the necessary lighting require- 
ments. Under some conditions, it might be advantageous, 
although requiring a greater initial capital outlay, to jorovide two 
compressors and two engines, each providing somewhat over 50 
per cent of the required refrigeration. With such an installation, 
the stoppage of either compressor or either engine for a prolonged 
period would not seriously interfere with the locker-plant 
operation; 

Case III. Apartment Building . — The electrical energy require- 
ments of an apartment building are in many respects very similar 
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to the load conditions experienced by an electric utility in a small 
town. Electrical energy must be supplied constantly for lighting, 
cooking, refrigeration, elevator, and other power services. Since 
power is required constantly, a sufficient number of suitable 
engine generating units must be available so that the failure of 
any unit would necessitate only a very brief shutdown or curtail- 
ment of service. A load condition of this type requires as a 
minimum the installation of two units, either one of which could 
carry the full electrical load in the building. Another operating 
plan would bo to provide three units of such si 2 :e that any two of 
them could carry the maximum load. 

In a prol3lem of this character, many factors must be considered, 
including consideration of available space for installation of gen- 
erating units; investment involved in the installation of two, 
three, or perhaps four generating units; and effect of operating 
one or several engines in various combinations to improve fuel 
economy. 

36. Combined Heating and Power. — Many industrial and 
institutional power plants require both heat and power either 
during cc'rtain seasons of the year or throughout the year. The 
tendcuic^v in sucih instances has been to provide a boiler plant and 
steam engine or steam turbine-driven generating units for produc- 
ing the power and heat needed. Under such an arrangement, the 
steam used for power production is exhausted into the heating 
system. Wherc^ stc^am requirements exceed the engine or turbine 
exhaust, the excc^ss is taken directly from the boiler through a 
pressure-redxicing valve. If steam for power production exceeds 
that recpiired for heating, the excess is often exhausted to atmos- 
phere. Usually the demands for power and heat do not vary 
together; as a result there is considerable high-pressure steam 
delivered directly from the boiler to the heating system under 
some conditions, while exhaust steam from the engine or turbine 
must be wasted to atmosphere under other conditions. The 
plant operator desires to deliver both electricity and heat for 
the least total cost; consequently he is interested in any means 
that will permit him to keep them to a minimum. 

There are many instances where one or more internal-combus- 
tion engines operating in conjunction with a steam power plant 
can supply excess energy requirements with the steam engines or 
turbines acting merely as reducing valves between the boiler and 
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the heating system. Power production by the steam units under 
this arrangement would be directly influenced by the rate of 
steam requirements for the heating load. Heat rejected by the 
internal-combustion engine to the cooling water and exhaust 
could be recovered in part for feed-water heating in the boiler 
plant. An example of such a combination as used in an institu- 
tional power plant is shown by the flow diagram, Fig. 30. 


Jackeh“water 
_ hecif exchanger 



ttfacK 


Returns from heating sys tem 

Fig. 30.- 


Steam 
Exhaust 


— Water 
— Tuel oil 

Flow diagram for combining diesel and steam equii)mont to jjrovido an 
economical plant arrangement. {Courtesy of Power.) 


Internal-combustion engines driving electric generators com- 
mercially fit into the industrial or institutional power plant sup- 
plying heat and power in many cases where 

1. The heating load is seasonal, while power is requirc^d 
throughout the year. 

2. The electrical load is in excess of that which could be pro- 
duced through reduction in pressure of the steam for heating in an 
engine or turbine. 

3. Heating steam is produced in the plant and electrical energy 
is purchased. 







CHAPTER VI 


PIPE-LINE PUMPING STATIONS 

Transportation of petroleum products is becoming more 
important each year as the demands for gasoline, fuel oil, lubri- 
cants, and natural gas continue to increase. The bulk of refined 
petroleum products and natural gas must be transported a 
considerable distance from the wells to the point of consump- 
tion. It is necessary, therefore, that rapid, economical, and 
reliable transportation facilities be available. The pipe line 
has proved to be the best means of transportation where large 
quantities of petroleum products must be transported a con- 
siderable distance. Furthermore, the pipe line is the only 
practical means for conveying natural gas from the well to the 
distribution system in a community. 

36. Historical. — The first pipe line built in the United States 
was a 2-in. line approximately 2)4 miles long laid in 1862 from 
Tarr Farm to the Humboldt refinery at Plumer, Pa. The first 
trunk lino was laid in 1875 consisting of approximately 40 miles 
of ()-in. line from the lower field of Butler County, Pennsylvania, 
to Pittsburgh, Pa. This was followed by a trunk line over 100 
miles long from the same field to Cleveland, Ohio, in 1880. 

The pipe line has demonstrated its economy and reliability for 
the transportation of natural gas, crude petroleum, and refined 
petroleum products; for over 320,000 miles of pipe lines are in 
operation in the United States, and the mileage has been increas- 
ing rapidly in recent years. 

37. Types of Pipe Lines. — Pipe lines are usually classified as 
being in one of the following three groups: 

1, Crude-oil pipe lines are those which gather the crude oil from 
the wells in an oil field and transport it to a near-by refinery or to a 
refining center located a considerable distance from the oil field. 

2. Gasoline pipe lines are those which transport gasoline, 
kerosene, light fuel oils, butane, and propane from the refinery to 
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tidewater for boat loading or to centers of distribution which are 
usually hundreds of miles from the refinery. 

3. Natural-gas pipe lines are those which transport natural gas 
from the wells to cities and towns where it is fed into the local 
gas-distribution systems. 

The so-called gasoline pipe lines transport a wide variety of 
petroleum products. HeltzeT points out that, few years ago 
one would have questioned the practicability of transporting 
through a pipe line more than one class of product. l''oday, as 
many as eight different products representing several grades of 
gasoline, butane, distillate, tractor fuel and kerosene ((^ov(u-ing the 
range of colors in the rainbow) are transported through a single 
long products line.'^ 

Such versatility has not been achieved overnight. Rather 
the advancement in the pipe-line art has been one of constant 
improvement in fabrication and installation of pipe, pumps, and 
engines for driving pumps. 

38. Extent of Pipe Lines. — The mileage of pipe lines in th(i 
United States and Canada has increased from the first line 2)^ 
miles long laid in 1862 to over 320,000 miles operated by 272 
companies. The present mileage is divided between the three 
types of pipe lines as follows: 


Pipe lines 

Miles 

l^^r cent 

Crude oil 

130.000 
12,400 

180.000 

40.3 

Gasoline 

3.9 

Natural gas 

56.8 

Total 1 

322,400 

"''iW’o” 


Natural-gas pipe lines represent over one-half the total mileage, 
while gasoline pipe lines constitute the smallest portion of line 
miles. 

The extent of individual systems varies widely for all three 
types of pipe lines. The greatest number of systems of any type 
are those transporting crude oil, while the most extensive pipe- 
line system transports natural gas. Data covering the extent 
and number of the various types of pipe lines are given in Table 13. 

1 Heltzbl, William G., Future Trends in Pipe-line Practices, Oil Gm 
Jour., Sept. 18, 1941, p. 82. 
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Table 13. — Pipe-line Systems 


, Typo 

Total 
line miles 

Number 
of systems 

Exteni 

Maximum 

b of system 

Minimum 

, miles 

Average 

Crude oil 

130,000 

133 

12,380 

iy2 

975 

Gasoline 

12 , 400 

37 

2,126 

3 

335 

Natural gas 

180,000 

102 

13,350 

2 

1,755 

Total 

1 322,400 

272 

13,350 

13 ^ 

1,186 


39- Oil -pipe -line Operation. — An oil-pipe-line system consists 
of the pipe connecting one or more pumping stations for forcing 
the liquid through it from the point of origin to its destination. 
The distance between stations varies from 30 to over 150 miles 
and is influenced by the capacity of the line, pipe diameter, topog- 
raphy of the country traversed, and characteristics of the fluid 
being pumped. Wolf^ has treated this matter in considerable 
detail in his very excellent analysis of oil-pipe-line transportation 
systems. The methods of operating the pipe-line system have 
gradually evolved over the past 30 years until today they have 
reached a high state of perfection. 

The original sc.hcmc of operation of a system having two or 
more pumping stations considered each section of line between 
two succeeding stations as a separate system. Each station 
following the initial one was provided with two operating tanks. 
The scheme of operation was to pump from the initial station A 
into one tank at the next downstream station B. When the first 
tank was filled, the incoming oil stream was diverted into the 
second tank. Pumping was then started from station B to the 
next downstream station C, suction being taken from the filled 
tank in station B and discharging into an empty tank at station C. 
This scheme of operation had the advantage of permitting close 
supervision of the quantity of oil in transit, and any line breakage 
or unusual losses were readily detected. The disadvantages of 
this system were the large investment required in tank storage at 
each pump station, possibility of contamination of the oil stream 
while in the pump-station tanks, relatively high evaporation 
losses, and inability to operate at full line capacity at all times. 

1 Wolf, Oscar, Economic Design of Oil-pipe-line Transportation Sys- 
tems, Petroleum Mech, Eng.y 1930, A.S.M.E., p. 30. 
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The difficulties encountered with the operation of the pipe-liiu' 
system as a series of individual lines between stations led to the 
use of continuous pumping in which the variation in flow rate 
to and from each succeeding station was absorbed by means of a 
single storage tank connected on the suction side of each pump 
station. This is known as the over-and-short method of pump- 
ing. While this system was a forward step in that it required 
less tankage at each pump station, and permitted the line to work 



Fig. 31.— ^Oil-pipe-line pumping station, employing centrifugal oil pumps driven 
through geared speed increasers by diesel engines. {Courtesy of The Cooper- 
Bessemer Corporation.) 


at higher over-all capacity, it was extremely difficult to keep an 
accurate account of the oil flow through the system. In order 
for the pipe-line dispatcher to keep track of the oil movement it 
was necessary that simultaneous readings of tank levels be made 
at all stations including those at both the initial and receiving 
points. This method of pumping also had the further disad- 
vantages of possible contamination and relatively high evapora- 
tion losses. 

In recent years, synchronized pumping has been used to con- 
siderable extent. With this pumping method, the entire pipe line 
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is considered as a unit, and the oil stream is pumped from a station 
as rapidly as it reaches it. Any variation in rate of flow to a 
given station causes a change in the rate of pumping to com- 
pensate for this variation. No tank storage is necessary at 
intermediate pumping stations except for such emergency storage 
as may be required; contamination is reduced to a minimum; the 
over-all capacity of the pipe line is greater than with either of the 
other methods of operation; and evaporation losses are reduced to 
a minimum. The operation of a system employing synchronized 
pumping involves rather careful manipulation of pumping equip- 
ment, particularly when starting up the line from a shutdown with 
the line full of licjuid. Difficulties may be experienced in keeping 
pumps synchronized with line requirements, particularly where 
piston-type (positive-displacement) pumps are employed. Spe- 
cial metering facilities must be provided at each pump station to 
determine flow rate and quantity of oil pumped through the 
station. 

40. Pumping Pressures. — Operating pressures for liquid pumps 
and gas compressors vary widely depending upon the construction 
and type of pipe line employed. For petroleum liquids trans- 
ported any appreciable distance, pressures ranging from 600 to 900 
psi have been common. Today the tendency is toward higher 
pump-discharge pressures^ ranging from 1,000 to 2,000 psi. 

Probably the first high-pressure crude-oil system placed in 
operation in the United States was the 8-in. line of the Utah Oil 
Refining Company from Fort Laramie, Wyo., to Salt Lake City, 
Utah, which went into service in 1939. Operating pressures 
range from 1,100 psi during the summer months to 1,450 psi, and 
occasionally 1,600 psi, during the winter. Crude oils are handled 
through this line. The pump station at Fort Laramie pumps the 
oil to Medicine Bow, a distance of 95 miles. In this distance the 
line rises 3,000 ft in its route across the mountains. Opal 
Station, pumping LaBarge crude oil through 27 miles of 4-in. 
tributary line, operated daily during the winter of 1940—1941 at 
pressures between 1,650 and 2,000 psi. The average pumping 
pressure was 1,850 psi. 

41. Types of Pumping Units. — Both reciprocating (positive- 
displacement) and centrifugal-type pumps are used for handling 


^ HetjTZbl, Of. cit. 
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petroleum liquids in pipe-line service. Reciprocating compressors 
are normally used for natural-gas pipe lines. 

The reciprocating pump is built in several cylinder combina- 
tions, both single and double acting. In pipe-line service, usu- 
ally duplex (two-cylinder) or triplex (three-cylinder) pumps are 
used. They are designed for large-capacity, high-pressure serv- 
ice. Because of the pulsating liquid flow, precautions must be 
taken to ensure that objectional surge pressures do not build up in 
the liquid line on the discharge side of the pump. 



Fig. 32. — Angle compressor unit combining a vertical diesel engine and horizontal 
gas compressor. (^Courtesy of Clark Brothers Engine Company.') 


This type of pump has the advantage that at a given speed it 
will deliver practically a constant quantity of fluid regardless of 
the discharge pressure, being limited only by the stalling torque of 
the motor or engine drive. The pump discharge is not fully equal 
to the piston displacement, owing to some slippage of liquid past 
the piston. This slippage remains fairly constant for a given 
viscosity of oil over a fairly mde range of discharge pressures 
with the pump maintained in good operating condition. 

The centrifugal pump imparts a high velocity to the liquid 
passing through it which in turn raises the pressure of the liquid 
at the pump discharge to a value set by the pump design. Unlike 
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the reciprocating pump, the variation in the discharge pressure of 
a centrifugal pump changes the rate of discharge of the liquid from 
the pump. This relationship between head and capacity of 
centrifugal pumps handling water is discussed in Chap. XII. 
Stepanoff^ has shown that when a centrifugal pump handles 
petroleum liquids the head-capacity curve of the pump is made 
steeper, the pump efficiency decreases, and consequently the 
horsepower required to drive the pump increases as the viscosity 
of the liquid increases. The effect is shown in Fig. 33, when 



Fio, 33. — Effect of viscosity on head-capacity characteristics of centrifugal 

pumps. 

comparing the same pump handling water or oil of a specific 
gravity 1.00 and a viscosity of 1,000 SSU. 

42. Types of Prime Movers. — Internal-combustion engines 
burning either oil or gas and electric motors have been used for 
driving pumps in pipe-line stations. The internal-combustion 
engine is well fitted for this type of service since many pump sta- 
tions are located at remote points where either electreial service is 
not available, or the available capacity is insufficient to handle the 
pumping-station load. Fuel for engine operation is available 
wherever a pump station is needed on the line since it can be 

1 Stbpanoff, a. J., Pumping Viscous Oils with Centrifugal Pumps, 0%l 
Gas Jour., May 9, 1940, p. 78. 
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transported tlirough. the line as are other petroleum products or 
natural gas. Internal-combustion engines have a further advan- 
tage in that their speed is readily varied over a considerable 
range, a decided advantage in the operation of pipe-line pumps. 

Electric motors are also widely used as prime movers for pipe- 
line pumps. They are cheaper than internal-combustion engines 



Fig. 34. — Woodward governor control for varying speed of diesel ongiuo from 
suction pressure on positive-displacement oil-pipeline pump. {Courtesy of Great 
Lakes Pipe Line Company.) 


of the same capacity and require considerably less space. The 
greatest disadvantage of the electric motors, particularly those 
operated by alternating current, lies in the fact that most of the 
motor designs are for constant-speed operation. Variable-speed 
a-c motors are available, although they are considerably more 
expensive than conventional units and the controls required for 
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their operation, particularly for those having a flexible speed 
variation, are rather complicated. 

43, Engine Governing. — When internal-combustion engines 
are employed to drive reciprocating pumps on a pipe line utilizing 
synchronized pumping, it is necessary to provide one of the 
engines in each station with a special variable-speed governor 
control. In the operation of the pump station, all the engines, 
with the exception of the one provided with variable-speed gov- 
erning, operate with their governors set to maintain constant 
rotative speed. The unit equipped for speed control auto- 
matically adjusts its speed to the variations in the rate at which 
the liquid arrives at the pump station. This is done by varying 
the speed so as to maintain constantly a predetermined pressure 
on the station suction header at all flow rates. 

A hydraulic relay-type governor is used on the engine which is 
to operate at variable speed. A pressure regulator is mounted 
directly above the speed-changer spring of the governor. The 
sylphon bellows of this pressure regulator is connected to a second 
sylphon bellows on the station suction header by a small copper 
line filled with ethylene glycol (Prestone) . Any variation in the 
pressure on the station suction header is immediately transmitted 
to the bellows in the pressure regulator on the engine-speed 
governor. If the j^ressure on the suction header drops, the 
variable-speed unit immediately slows down, while an increase of 
the suction-header pressure causes the engine to speed up. 

44. Trends in Pipe -line Pumping. — The developments in the 
design of pipe lines over the past decade tend to indicate that 
lines will be operated at high pressures, probably as high as 
2,000 psi, and with the trunk-line system operating from begin- 
ning to end as a close system in which all pump stations are 
synchronized. Variations in pumping rate will probably be 
obtained by varying the pressure on the line by the use of suitable 
l)umps and variable-speed prime movers instead of employing 
spare-line capacity as is often done today. 
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CHAPTER VII 

THE POWER-PLANT BUILDING 

Adequate*, housing facilities for the mechanical and electrical 
equipment are a necessity in any internal-combustion-engine 
power plant. If the equipment is to be installed in the basement 
of a hotel or apartment building, or within one of the existing 
structures forming part of an industrial establishment, the prob- 
lem of securing adequate space for the equipment is no different 
from the problem confronting the plant designer who is providing 
new housing facilities for the utility power plant or the pipe-line 
pumping station. While this chapter is devoted largely to a 
discussion of the problems involved in the design of a new build- 
ing for hoxising the engine equipment and auxiliaries, much of the 
material presented is applicable to any room or structure used 
for housing engine-driven equipment. 

46. Basic Considerations in Building Layout. — The building 
used for hoxising engine-driven generating or pumping equipment 
should be designed with its function and use kept constantly in 
mind. While this appears self-evident, it is surprising to find 
many power-plant buildings which apparently have been designed 
to create a beautifxil exterior and with no attention paid to the 
arrangement of equipment in the interior, or to the possibility 
of having to increase the size of the building in the future to 
house additional and probably larger units. Any power-plant 
building which is adequately arranged for its main purpose must 
be so designed that additions can be made to it with a minimum 
of changes in the portion already constructed. 

In order to accomplish the purpose for which the power-plant 
building is intended, so-called modern architecture in which a 
pleasing appearance is obtained through the disposition of 
building mass and line rather than through the use of an excessive 
amount of ornamentation is generally found to be most advan- 
tageous. Thus simplicity in design together with the provision 
of adequate space in the engine room become the basic considera- 
tions in the layout of the plant structure. 

75 
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The building design should start with a layout of the operating 
floor. The equipment is located first, and the building is then 
planned around it rather than the reverse where the building is 
designed and the equipment fitted into it. Considerable care 
should be taken in arranging equipment in such a manner that 
additions can be made with a minimum of change. Thus it 
becomes necessary early in the design of the plant to decide upon 
the spacing required between center lines of adjacent units, the 
distance from the center line of the end unit to the end wall, 
and the distance required between the head end of the engine 
and the wall, and the generator and its adjoining wall. 



Fig. 35. — Modern diesel power-plant building, designed to house five unitn. 
(^Courtesy of Burns & McDonnell Engineering Company.) 


An example of careful planning of a plant is shown in Fig. 36, 
This is the floor plan of the building shown in Fig. 35 in which 
four units are now installed and provisions have been made for 
space to accommodate a fifth engine at a later date. In this 
layout the building was arranged for additions to the right. All 
units were placed parallel in the engine room in order to provide 
the shortest possible electrical circuits from the generators to 
the smtchgear as well as short air-intake and exhaust lines. 
Provisions were made for bringing equipment into the plant at 
the left, and the dock ramp was designed to permit backing 
trucks into the building and removal of equipment from the 
truck with the plant crane. The design of this particular plant 
is somewhat unusual in that all floors in the engine room, which 
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is 52 by 96 ft, are cantilevers. Such construction permits 
removal and replacement of units in the engine room with a 
minimum of disturbance to existing construction. Sectional 
views through this plant are shown in Figs, 37 and 45. 

Unfortunately all plants do not receive the careful planning 
shown in the plant just mentioned, as for example the plant for 
which Fig. 38 is a floor plan. While space has been provided for 



Fid. 36. — Floor plan of power plant shown in Fig. 35. 

a fourth unit in the layout, the size of the machine that can be 
installed in this space is limited. 

If the next unit needed is larger than can be accommodated 
in the space provided, then changes requiring major building 
alterations are necessary. In this particular case, the probable 
addition for a larger unit would have to be made either to the 
right or left of the present engine room. When the addition 
is made in either direction, existing air intakes and air-intake 
piping must be changed, requiring maj or alterations in the present 
building. The generators and exciters are so far removed from 
the switchboard that the cost of wiring is more than necessary, 
and the length of exhaust lines from the units nearest the office 
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and storeroom are longer than would have been necessfxry if the 
units had been arranged as shown in Fig. 30. 



Fig. 38. — Floor plan of plant not readily expanded to house more than four units. 


In view of the possibility that much larger units may be 
required at a later date in any electric generating station, the 
advisability of providing space in the original building for future 
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generating units is often open to question. There are conditions 
under which it may be justifiable to provide space for future 
units at the time of construction of the original power-plant 
building, but these do not occur in the majority of plants designed. 
In general, additional building space should be provided only in 
those cases where the capacity of the future units is definitely 
known. This is seldom known with any degree of certainty. 

46. Space Requirements, — The space required for engine 
equipment is influenced by several factors including capacity of 
units, rotative speed, design of electric generators employed, 
foundation properties of the soil upon which the plant is con- 
structed, and the desires of the operating staff for special features 
of plant arrangement which may greatly increase the size of the 
plant building- The best criteria for spacing engines in any 
plant arc derived from one’s own observations of both good and 
bad plant layouts. As an aid in this direction, data from actual 
plants arc summarized in Fig. 39, showing spacing of units of 
varioUvS sizes and rotative speed. While these data are taken 
from plants produced by engineers well versed in diesel-plant 
design, they arc not to be considered as applying in every instance. 
Many limiting factors had of necessity to be considered in each 
instance, and it will be found that in every plant layout limiting 
conditions peculiar to the individual case influence the spacing of 
generating units as well as space requirements for auxiliaries. 

The effect of rotative speed on the spacing of engine units can 
be shown by comparing the recommended spacing between 
center lines of units of approximately the same horsepower 
designed for operating at different revolutions per minute. Thus, 
while 10 ft between engine center lines for units operating at 
400 rpm is recommended by one engine manufacturer, a distance 
of 15 ft is recomrnended for units designed to operate at 225 rpm.. 
This variation in spacing is influenced somewhat by the design 
of the generator installed, since the physical dimensions of 
generators for the same capacity increase with a decrease in 
rotative speed. 

Spacing of units may be affected by the bearing capacity of 
the soil upon which the foundations rest, since in dealing with 
some soils it is necessary to increase the area of the foundation 
in contact with the soil in order to reduce the bearing pressure 
per unit area to a safe value. 
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The desire of the plant superintendent or operating; staff 
for special operating features may have a decided hcaiing upon 
the spacing of equipment in the plant. Thus the incorporation 
of special shop facilities, instrument panels incased in building 
walls with attendant structural additions to house instruments, or 
unusual combinations of fuel- and lubricating-oil facilities 
installed in the power-plant basement may involve the inclusion 
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Fig. 39. — General dimensions of internal-combustion-enginc power i>lunts. 


of more building volume than normally required. In planning 
the layout of station switchgear, adequate space around the 
gear should be provided. Where the open-type switchboard is 
installed, at least 8 ft should be allowed between the fi'ont of the 
switchboard and the wall behind it in order that maintenance of 
breakers and accessories may be done in safety. Where metal- 
clad switchgear is used, sufficient space must be provided behind 
the gear for making connections, repairs, or removing equipment 
as required for the gear installed. 
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47. Building Details. — In most cases the construction of a base- 
ment in a diesel power-plant building is warranted. Foundation 
blocks for engines are constructed at least 6 ft deep. Since 
the engines take up a considerable proportion of the floor space 
on the ground floor of the building, a large portion of the exca- 
vation necessary for an adequate basement is required for 
foundations regardless of whether or not the basement is 
constructed. While the construction of a basement in a diesel 
plant docs involve additional cost in reinforced-concrete 
basement walls and operating-floor sections, the additional 
space provided for the location of plant auxiliaries is generally 
worth the additional expense. If the basement is not con- 
structed, care must be taken in backfilling around the foundation 
blocks for the engines in order that the operating floor will have 
solid support. In general, plants constructed without basements 
require a relatively greater floor area for the same generating 
capacity than do plants constructed with basements. 

The design of a basement in the power plant calls for careful 
planning in order that equipment will be arranged properly and 
suflicient space bo made available clear of columns necessary for 
supporting the operating floor. The depth of the basement 
should be such that a man can walk upright underneath exhaust 
and air-intake piping which may be run close to the basement 
ceiling. In order to do this, it is advisable to provide at least 
10 ft from the basement floor to the operating floor. In some 
cases it may be necessary to increase this height in order to obtain 
the necessary working headroom, particularly since it is desirable 
to carry all plant piping just below the operating-floor slab in 
order to keep passageways between items of auxiliary equipment 
located in the basement free of interfering piping. 

In many instances, the operating-floor slab can be built largely 
as cantilever sections supported either from the engine founda- 
tions or the reinforced-concrete walls of the basement. Such 
construction has the advantage of eliminating much framing in 
the basement consisting of beams, columns, and other supporting 
members which interfere with the location of piping and auxil- 
iaries in all too many instances. The secret of such design lies in 
the use of reasonable cantilever lengths and adequate design of the 
reinforced concrete together with careful placing and mixing of 
the concrete during its installation. 
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In all too many cases, sufficient thought has not been given to 
elevating the crane a sufficient height in the power plant so that 
larger engines can be instaUed in the future and be serviced with 
the crane provided in the original installation. The reason that 
cranes are often set too low is that -the architectural treatincait ol 
the buUding dictates a definite wall height for good cxteri<n- 
appearance. With a set wall height to give a pleasing appcai-- 
ance, the building designer allows 2 to 3 ft for a parapet wall and 



Fig. 40. — Modern treatment of a diesel power-plant bmldinjs can bo vory ploasinji:. 

{Courtesy of Burns cfe McDonnell Bnoineering Company.) 

4 to 6 ft for the depth of a roof truss. Since most crane manu- 
facturers require 12 to 18 in. clearance between the top of the 
crane and the underside of the roof truss and the crane sets 
2 to 3 ft above the crane rails, these various allowances for most 
plant buildings range from 9 to 14 ft. Thus, the crane rail in 
most conventional building designs is a considerable distance 
below the top of the exterior wall line. 

If this distance of 9 to 14 ft is to be reduced, the conventional 
roof-truss construction must be eliminated and a method of 
framing utilized for the roof which does not take up so much 
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space. The rigid-frame construction, Fig. 37, in which the sup- 
porting columns set in the building walls and the roof beams are 
welded together to form a continuous section, permits the elimi- 
nation of the conventional truss construction for supporting the 
roof and saves 2 to 4 ft of vertical distance usually taken up by 
this truss. Such construction is much to be preferred because it 
improves the appearance of the interior of the plant and permits 
the raising of the crane without increasing the wall height. 

48. Materials of Construction. — Materials employed for the 
creation of a power-plant building vary widely, ranging from sun- 
dried adobe brick to reinforced concrete, depending upon the 
locality and severity of weather conditions encountered. Types 
of construction include timber framing with corrugated wall and 
roof covering; structural-steel framing covered with metal or 
transite sheets; reinforced-concrete substructure with structural- 
steel and brick superstructure; reinforced-concrete substructure 
with native-stone or brick superstructure and without steel 
framing; and structures composed entirely of reinforced concrete. 

Each type of construction has been used where its particular 
characteristics fit the local requirements. For example, in the 
desert country of the southwestern section of the United States 
the use of heavy timber or structural-steel framing covered with 
corrugated metal or corrugated transite is rather common. The 
needs for heating are not great, metal corrosion difficulties are a 
minimum, and the large building volumes needed during the 
extremely hot summers for cooling and ventilation can be pro- 
vided much more economically with this type of structure. 

For most plants, however, and particularly for those in the 
northern half of the United States, the use of reinforced-concrete 
substructures and brick and structural-steel superstructures are 
the rule, with buildings constructed entirely of reinforced concrete 
coming into the picture. Between the two types of buildings, 
there is probably little difference in cost. The brick and steel 
superstructure has the advantage of permitting alterations much 
more readily than does the reinforced-concrete superstructure. 
Extreme care must be exercised in the construction of the rein- 
forced-concrete building to ensure watertightness of walls and 
elimination of vibration transmission from the engines. If the 
wall structure is not watertight, action of the elements, particu- 
larly freezing and thawing in the northern regions, will tend to 
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disintegrate reinforced-concrete walls and result in extensive 
repairs being required periodically. 

49. Roof Construction. — Several types of materials are avail- 
able and have been used for the construction of power-plant roofs. 
The cheapest roof material is wood with composition roofing 
material applied over it. While the cheapest in first cost, it is 



Fig. 41. — ^Layout of grounds for a diesel-electric plant rofjuiros considerable care. 
(Courtesy of Burns tfe McDonnell JSngineeriny Com'pany.) 


open to the objection that it is not fireproof and vciry probably 
will be more expensive to maintain than other types of roof (ion- 
struction. The most expensive type of roof is that constructed 
of reinforced-concrete slabs which are in turn covex'cd with 3-^ to 
2 in. of insulating material and finished with a tar and gravel 
topping. It is the most permanent type of roof, is fireproof, and 
the maintenance cost is very low. Formed steel sections are also 
used for roof construction. These sections are bolted or welded 
to the roof purlins and then covere^d with insulating material and a 
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tar and gravel topping surface. While somewhat cheaper than 
the reinforced-concrete slab construction, it is considered one of 
the better types of roof construction available for power-plant 
purposes. 

Corrugated transite and corrugated metal are also used for 
roof construction, but their use has largely been restricted to 
power plants and pipe-line pumping stations operating in the 
southwestern part of the United States. 

60, Windows and Boors. — In general, metal window sash 
are preferable for power-plant construction on account of their 
fireproof and service qualities. They can be obtained in a wide 
variety of styles in either steel or aluminum, although the 
steel sash is used much more extensively than its aluminum coun- 
terpart in power-plant construction. Sash are designed to use 
either 12- by 18-in. or 14- by 20-in. standard glass panels and are 
arranged for any grouping of units desired. The smaller glass 
size is generally preferred. Hinged sections can be provided for 
ventilating purposes wherever required in the window. 'They 
can be operated cither with pull chains or with special mechan- 
ical operators of which there are a number on the market. 

Where window screens are not required over ventilator sash 
openings, horizontally pivoted sash are usually installed because 
they are the c.heapest type available. Ventilated sash requiring 
screening should be of the projected type which is more expensive 
and better constructed than the horizontally pivoted type. 
Screens should be installed on the outside with the projected 
sash hinged at the bottom and opening into the building to secure 
the simplest workable arrangement. 

Metal doors are used extensively because of their excellent 
fireproof and service qualities. Hollow metal doors are usually 
(employed for main-entrance, office, and other doors where appear- 
ance as well as ser viceability count, while tubular-steel or indus- 
trial-type doors are most frequently used for those openings such 
as storeroom, service entrance, shop, and doors in places where 
appearance is of secondary importance. Class A fireproof doors 
are generally used for openings into transformer vaults, although 
such doors are not absolutely required in a building used solely 
for power-plant purposes. 

In those places where large openings must be provided through 
exterior walls for moving in large pieces of equipment^ 
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of doors are available. These are the rolling steel door and 
the swinging mnltileaf tubular-steel door. The rolling door 
is the more easily handled in opening and closing, but it is not 
favored in many cases because it does not always fit tight enough 
to keep wind, rain, and snow from entering the building around 
the outside vertical edges of the door, and occasionally through 

Table 14. — Sash Dimensions Standard with Most MANTJEACT-crRERS 


Number of 
sash wide 

Over-all sash width using 

12- by IS-in. panes 

14- by 20-in. panes 

2 

2 ft 1% in. 

2 ft 5^^ in. 

3 

3 ft 2 in. 

3 ft 8 in. 

4 

4 ft 2^^ in. 

4 ft 10^^ in. 

5 

5 ft in. 

6 ft in. 

6 

6 ft in. 

7 ft in. 


Number of 
sash wide 

Over-all sash height using 

12- by 18-in. panes 

14- by 20-in. panes 

1 

1 ft 7H in. 

1 ft 9K in. 

2 

3 ft IM in. 

3 ft 5^^ in. 

3 

4 ft 8 in. 

5 ft 2 in. 

4 

6 ft 2% in. 

6 ft 10% in. 

5 

7 ft 8K in. 

8 ft 6% in. 

6 

9 ft 3^ in. 

10 ft 3% in. 

7 

10 ft 9M in. 

11 ft IIK in. 


Note. — The opening for a sash two panes wide and six panes high using 12- by 18-iii. panes 
is 2 ft 1^8 in. by 9 ft in. Larger windows than provided in this table can bo secured by 
assembling several standard windows by means of muntin bars. 

the interlocking leaves of the door. The large multileaf tubular- 
steel door can be sealed against wind, rain, and snow better than 
can a rolling type of door. Consequently it is often preferred 
by plant operators even though it may not be opened and closed 
so readily as the rolling type. 

In using swinging doors for large openings, it is found con- 
venient in many cases to install removable transoms, thereby 
decreasing the height of the doors necessary. Since the full 
size of the opening is required only at infrequent intervals for 
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moving equipment, the objections to removing a transom are 
more than offset by the greater ease with which the smaller doors 
can be handled. Where the size of the swinging doors is 
unwieldy, a small access door can be installed in one of the large 
doors for use in normal plant operation. Access doors can 
also be installed in rolling doors, although the construction is 
somewhat complicated. 


TabijE 15. — Stock Sizes Swinging Indvstrial-type Doors 


Single doors 

Double doors 

Width 

Height 

Width 

Height 

2 ft 6 in. 

7 ft 0 in. 

5 ft 0 in. 

7 ft 0 in. 

3 ft 0 in. 

7 ft 0 in- 

6 ft 0 in. 

7 ft 0 in. 

3 ft 6 in. 

7 ft 6 in. 

7 ft 0 in. 

7 ft 6 in. 

4 ft 0 in. 

8 ft 0 in. 

8 ft 0 in. 

8 ft 0 in. 

5 ft 0 in. 

10 ft 0 in. 

10 ft 0 in. 

10 ft 0 in. 


Note. — Hollow metal doors are built to order, and consequently no standard sizes are 
Kivcm for this type of door. 


61. Floors. — The construction of floors in a power plant pre- 
sents a problem that must be given more than ordinary considera- 
tion. Several types of materials are available with which to 
construct a satisfactory floor, and the type of material used will 
largely determine the method of its installation as well as the 
time of installation during the construction program. In general, 
power-plant floors are built of reinforced concrete, and this 
material is preferred in most instances. It is the general practice, 
where a basement is constructed in the building, to place the 
rough slab for the main operating floor prior to the installation 
of equipment on the foundations. After the equipment is 
installed, the topping course of concrete is then applied. When 
this construction procedure is followed, extreme care must be 
taken to see that oil and other dirt is not permitted to stain the 
surface of the rough floor slab, or difficulties will be experienced 
in obtaining a satisfactory bond between the rough floor and the 
finish when it is poured. Some engineers prefer to construct 
the floor complete, including the finish course, before any equip- 
ment is installed in order to ensure satisfactory bond between the 
courses, although this construction method has the disadvantage 
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of requiring very careful protection of the floor surface during 
the erection of equipment to eliminate undue damage to it. 

Often the final concrete course is tinted by means of pigment 
to the color desired. Several types of coloring materials are 
available which when mixed with the final surface course give 
a very satisfactory floor color. Special floor dyes are also avail- 
able for coloring the concrete after the floor has been placed. 

In many instances it is desired to finish the floor with quarry 
tile. When such topping surface is used, it is advisable not to 
place the tile until after the engines and their accessories have 
been erected. When such floor finish is employed, care must 
be taken to see that the rough floor surface is not stained by oil 
or other materials that will prohibit satisfactory bond between 
the setting grout used with the tile and the rough floor slab. If 
bond is not secured, loose tiles will create an unsatisfactory floor 
vsurface. 

Where a basement is not provided, it is possible to do all the 
backfilling around the engine foundations and erect the engines 
and accessories prior to the construction of the floor slab. When 
equipment erection has been completed, the reinforced concrete 
slab can then be poured and the finish course applied without 
the danger or possibility of poor bond between the rough and 
finish courses. 

In rare instances, the floor may be constructed of creosoted 
block. Such material makes a satisfactory floor, but it is open 
to the objection that unless an adequate concrete subfloor is con- 
structed under it, the blocks settle unevenly and produce a very 
unsatisfactory floor surface. Most plant designers and operators 
feel that if a concrete subfloor is necessary, the entire floor should 
be constructed of concrete. 

62. Crane Facilities. — A crane for handling cylinder heads, 
pistons, connecting rods, and other parts of internal-combustion 
engines is a necessity in any well-planned power plant. Except 
in the case of small high-speed engines, all parts normally handled 
during maintenance operations require the use of hoisting facili- 
ties. Too often these facilities available for maintenance pur- 
poses are entirely inadequate both from the viewpoint of lifting 
capacity and mobility. 

The most usable type of hoist is the traveling crane which per- 
mits lifting anywhere within the limits of the crane runway, which 
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in most instances is the length of the engine room. Where funds 
are not available to provide a suitable traveling crane and crane 
lails, a faiily satisfactory substitute is a single-rail hoist located 
on the center line of each engine unit which permits removing 
engine or generator parts and lowering them to the floor either 
in the aisle space at the front of the engine or at the rear near 
the exciter. Since the most usable space for placing engine parts 
during an engine overhaul is the aisle space between adjacent 
engines, this single-rail hoisting arrangement requires that parts 
be lowered onto a hand truck, moved to the aisle space between 
units, and removed from the truck by manpower. 



Fio. 42. — Hand-opoz’ated, double-girder crane of 5-ton capacity. (^Courtesy of 
Shaw Box Crane & Hoist.) 

The investment necessary for a suitable traveling crane and 
crane rails is generally found advisable where several engines are 
to be maintained. The investment in the crane is determined 
largely by the necessary span and the type of operating mechan- 
ism employed for the hoist, bridge, and cross bridge, and is not 
greatly influenced by the lifting capacity for the sizes generally 
used in internal-combustion-engine plants. In general, cranes of 
15 tons capacity and less are provided with manual operation 
throughout, while cranes above 15 tons capacity are generally 
provided with a motor-operated hoist and manual bridge and 
cross-bridge travel. Many operators prefer that the hoist be 
motor operated in order that the possibility of scoring pistons 
or other fitted parts due to the rubbing of the hoisting chain 
against them will be eliminated. It is seldom that complete 
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motor operation of the crane is used except in large stations, or 
where an all-electric crane is found necessary. 

Where a hand-operated crane is used, the hand chain for 
operating the lifting hook should be ofeet to eliminate rubbing of 
the chain on parts being raised or lowered. In general, a crane 
with a double-girder bridge is preferable to that with a single 
girder, particularly for long spans and heavy loads. 



Fig. 43.— Motor-operated, double-girder crane of 10 tons capacity. {CourUsij of 
Shaw Box Crane Hoist.) 

53. Foundations* — Internal-combustion-engine foundations arc’s 
often built in accordance with plans furnished by the engine 
manufacturer. The engineer designing the plant should use such 
standard foundation plans as a guide only and should employ his 
knowledge of soil mechanics, reinforced concrete and structural 
design, and mechanics of the engine under consideration to evolve 
a foundation satisfactory for the job under consideration.^ 

The first information required in starting the design of a diesel- 
engine foundation is the character of the soil upon which the 
foundation is to be placed. Borings should be made on the site 
of the foundation to determine the type of soil upon which the 
foundation is to rest. Solid rock, caliche or cemented gravel, 
firm clay, and confined gravel in general provide excellent support 
for engine foundations. Caliche is open to the objection that it 

^Larkin, Kenneth H., Design of Diesel-engine Foundations, Trans. 
A.S.M.E. vol. 64, No. 4, p. 341, May, 1942. 
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transmits vibrations. This objection can be mitigated by pro- 
viding a sand cushion between the foundation block and the 
excavation in the caliche. Some clays, sands, and water-bearing 
gravel together with bog or marsh lands are not good foundation 
materials. When it becomes necessary to locate equipment on 
such subsoils, special precautions must be taken to ensure an 
adequate foundation. Piling footings, spread footings, and other 
precautions must be taken under such conditions. More than 
anywhere else in the design of a diesel plant, the analysis of the 
condition of the soil upon which an engine and its foundation are 
to rest and the means of obtaining proper foundation bearing 
should be the work of an expert in soil mechanics. 

After the characteristics of the soil upon which the foundation 
is to be placed are determined and a satisfactory loading per 
square foot of ground area for the particular soil has been set, 
the next problem is to determine the weight of foundation neces- 
sary and the manner of distribution of this foundation mass 
under the engine and the equipment driven b.y it. The final 
decision on this important point should be reached after con- 
ferring with the manufacturer of the particular engine for which 
the foundation is being prepared. Considerable difference of 
opinion exists among engine builders as to the weight of founda- 
tion which should be provided per rated horsepower of engine 
capacity. Since the number of cylinders, rotative speed, stroke 
cycle, unbalanced moments, and unbalanced forces all have a 
bearing upon the problem, the development of foundation- weight 
data applicable to all engines is impossible. Table 16 gives the 
approximate foundation volumes for engines running at 400 rpm 
and less. 

Tablk 16. — Avjsragk Values op Pounlation Yardage 

Number of cylinders 

Foundation volume, cubic yard per 

brake horsepower lO. 141 0. 120 0 . lOSlO. lOOlO . 096|0 . 091 

Number engines tabulated 7 10 20 | 20 | 14 | 14 

Engine foundations should generally be isolated from the build- 
ing proper in order to eliminate or reduce vibration transmission. 
In order to do this, the entire substructural design of the plant 
must be considered as a unit. Basement floor, engine founda- 
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tions; and the operating-floor design should be coordinated to 
prevent vibration transmission as well as provide floors of suffi- 
cient stiffness and strength to withstand the loadings which may 
be placed upon them. By the use of suitable plastic filling 
materials, it is possible to obtain a satisfactory isolation between 
the engine foundations and the basement floor. Complete 
separation of the foundations from the operating floor must also 
be accomplished in order to eliminate the possibility of vibration 



transmission at that point. In some special cases, engine founda- 
tions have been satisfactorily constructed integral with the base- 
ment floor but isolated from the operating floor. 

Operating-floor sections between engine foundations are often 
built as reinforced-concrete slabs resting on the adjoining engine 
foundations and not connected to the other portions of the oper- 
ating floor forming part of the building proper. While this 
construction, shown in Fig. 44, is satisfactory, it is open to the 
objection that it is practically impossible to obtain good bearing 
for the slab throughout the length of the foundation block. 
This lack of satisfactory bearing may result in considerable local 
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vibration in the slab when the engine on either side of it is in 
operation. The vibration in such suppbrted slabs is often greatly 
in excess of the vibration of the engine foundation on which it 
rests. 

In order to overcome this rather serious objection to supported 
floor slabs, these sections between engine foundations have in 
several instances been designed and constructed as integral parts 
of the engine foundation. The foundation has constructed along 
each side a reinforced-concrete cantilever section extending out 
half the distance to the adjoining foundation as shown in Fig. 45. 
In this type of construction it is frankly recognized that the floor 
will vibrate with the engine, but the vibration in the floor section 
forming a part of the engine foundation has not been so noticeable 
as has been the vibration where the floor slab was constructed 
as shown in Fig. 44. 

54. Fire Walls. — In the construction of a pipe-line pumping 
station handling gasoline, a fire wall is built in the station isolating 
the engines from the pumps. The engine drive shaft extends 
through the fire wall connecting to the pumps on the other side 
with special means employed to seal the opening around the driven 
shaft to prevent fire passing from the engine to the pump room. 
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CHAPTER VIII 
SELECTING THE ENGINE 

The selection of an internal-combustion engine for a particular 
installation necessitates a thorough study of the requirements 
and limitations of the service as well as the characteristics and 
limitations of the engines available. In order that the most 
satisfactory engine may be selected for the particular service 
requirements contemplated, the advantages of the various types 
of construction available as well as their limitations should be 
known. There are many excellent engines in the market today. 
In most instances they have been developed and offered for sale 
by the manufacturers to meet definite commercial requirements. 
The purchaser's problem is to select that make and type of 
engine from the wide choice of excellent models available which 
best suits his conditions. 

It is not possible in a single chapter to cover in detail the design 
of internal-combustion engines or even to describe the many 
excellent makes available. Rather than attempt to describe any 
particular engine designs, this chapter will deal in general terms 
with the matter of engine selection. A brief description of the 
operation of internal-combustion engines as well as explanations 
of terms dealing with the performance and description of engines 
is included for those not familiar with engine design and operation. 

56. How Internal -combustion Engines Work, — ^An internal- 
combustion engine is one that derives its power from the burning 
of the fuel within the engine cylinder or an external chamber 
directly connected to the cylinder. This combustion produces 
increased temperature and pressure in the combustion space, and 
the developed gas pressure forces the piston out of the cylinder. 
This force exerted by the gas on the piston is transmitted through 
the connecting rod to the crankshaft, resulting in a turning effort. 
As the piston moves out of the cylinder, the gas pressure con- 
stantly decreases until the piston reaches the end of its travel in 
the cylinder. 


95 



96 


DIESEL- AND GAS-ENGINE POWER PLANTS [Chap. VI U 


This action is best illustrated by the series^ of diagrams for a 
diesel engine in Fig. 46. In A the piston is starting to compress 
a charge of air in the cylinder. The pressure shown on the 
diagram at (a) is atmospheric. As the piston moves upward into 
the cylinder, the pressure of the air increases as shown in .B. By 



(A)-Sto!rf- of compression s+roI<e 



(B) - Compression stroke (C) -Piston oit top dead center 

pcirtly completed compression completed 



(D)-Expoinsion stroke (E)-Exp«nsibn stroke 

partly completed completed 


Fig. 46. — Diagrams showing compression and power strokes in a compression- 

ignition engine. 

the time the piston has reached top dead center, as shown in C, the 
pressure has increased to (c). Ignition of the fuel charge, which 
had been introduced just before the piston had completed its 
upward travel, increases the pressure and forces the piston out of 
the cylinder. When the piston reaches its extreme outward posi- 
tion of travel, shown in Ej the compression and power strokes 
have been completed. The amount of work done by the piston 
is proportional to the area enclosed by the pressure-stroke cui*vc 
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shown in E. The foregoing describes the power-producing por- 
tion of either a two-stroke or four-stroke diesel cycle. 

The production of power by an engine involves introduction 
of fuel and bit into the cylinder, compression of the mixture or of 
the air alone, ignition of the fuel charge, expansion of the burning 
fuel and inert gas in the cylinder forcing the piston outward and 


1. AIR INTAKE 


2. COMPRESSION 


3. EXPANSION 



4-STROKE CYCLE -ONE POWER STROKE TO TWO FULL REVOLUTIONS 



Descending piston 
uncovers exhaust 
port. Slight pres- 
sure builds up in 
crankcase, enough 
to force air into 
cylinder 


2-STROKE CYCLE- ONE POWER STROKE TO EACH FULL REVOLUTION 

Fig. 47. — Diagrams illustrating operations in four-stroke- and two-stroke-cycle 
engines. {Courtesy of Power.) 


producing power, and the ejection of the burned fuel charge and 
inert gas from the cylinder. This process is repeated in the 
cylinder each power cycle. If it requires but two piston strokes 
or a single revolution of the engine crankshaft for these events 
to occur, it is known as a two-stroke cycle, whereas if the events 
require four piston strokes or two complete crankshaft revolutions 
for completion, it is called b> four-stroke cycle. Figure 47 shows the 
events of the four-stroke and two-stroke cycles diagrammatically. 




FUEL AND AIR MIXED OUTSIDE CYLINDER, AIR ONLY COMPRESSED IN CYLINDER; FUEL SPRAYED INTO CYLINDER 

BEFORE COMPRESSION WHERE MIXING OCCURS 
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There are several types of internal-combnstion engines result- 
ing from the nature of the fuel employed, the method of introduc- 
ing the fuel into the cylinder, and the method employed for 
igniting the fuel charge. The more common types are shown in 
Fig. 48. To these must be added the gas-diesel, burning natural 
gas on the diesel principle. 

66. Types of Internal -combustion Engines. — The classification 
of internal-combustion engines is somewhat involved owing 
largely to the many improvements and new developments brought 
forth in recent years. Unfortunately, some of the currently 



plant, {Courtesy of Busch-Sulzer Bros. Diesel Engine Company.) 


accepted terms used to describe various types of engines are very 
broad. For example, the term diesel engine has grown through 
the years to cover many diversified kinds of engines practically 
none of which bear any resemblance to the engine conceived by 
Dr. Diesel. In fact, -most people consider that any engine which 
does not use spark plugs to ignite the fuel charge is a diesel engine. 

Any rational method for a basic classification of internal- 
combustion engines must take into consideration the kind of fuel 
burned, the method of introducing the fuel into the cylinder, the 
method for igniting the fuel charge, and the stroke-cycle employed. 
Service requirements and mechanical construction may also serve 
to classify an engine, but basically the type of engine is not deter- 
mined by them. These factors are set forth in outline form as 
follows. 
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OXTTLINE OF EnGINE CLASSIFICATION 

I. Basic classification. 

A. Type fuel. 

1. Gasoline. 

2. Gas. 

3. Oil. 

4. Both gas and oil (convertible) . 

B. Fuel admission. 

1. Carburetor (aspiration). 

2. Injection. 

a. Air blast. 
h. Mechanical. 

3. Compression (for gas). 

C. Fuel ignition. 

1. Heat of compression. 

2. Surface ignition. 

3. Spark ignition. 

D. Stroke cycle. 

1. Two strokes. 

2. Four strokes. 

II. Modifying conditions. 

A. Service requirements. 

1. Stationary. 

2. Marine. 

3. Railway. 

4. Automotive. 

5. Aircraft. 

6. Power shovels, cranes, etc. 

B. Mechanical construction. 

1. Stroke action. 

а. Single acting. 

б. Double acting. 

2. Rotative speed. 

а. Slow. 

б. Medium. 

' c. High. 

3. Cylinder arrangement, 
a. Vertical. 

h. Horizontal. 

c. Vee. 

d. Radial. 

4. Piston construction. 
a. Crosshead. 

&. Trunk. 

5. Piston cooling. 

а. Uncooled. 

б. Water cooled, 
c. Oil cooled. 
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57. Definition of Terms. — There are several terms used in con- 
junction with engine performance that should be clearly under- 
stood. Definition of these terms follows. 

Displacement . — The displacement of an engine is the volume, 
expressed either in cubic feet or cubic inches per minute, which is 
swept by all the pistons during the power strokes and is equal to 

Vd L K A X n (2) 

where Vh = displacement volume per minute, cubic feet or cubic 
inches. 

L == piston stroke, feet or inches. 

A — piston area, square feet or square inches. 
n — power strokes per minute for all cylinders. 

Mean Indicated Pressure . — The mean indicated pressure (p^) 
is the average net pressure in pounds per square inch acting on the 
piston during the power stroke only. It is determined by direct 
measurement through the use of an engine indicator. 

Indicated Horsepower . — The indicated horsepower (PI) of an 
engine is the total horsepower developed by all the engine cylin- 
ders without allowance for friction and other losses within the 
engine. In the case of slow-speed engines, it may be calculated 
by using values for mean indicated pressure obtained from 
indicator cards in the following equation: 

" 33,000 ^ ^ 

where Pi =■ indicated horsepower. 

Pi — mean indicated pressure, pounds per square inch. 

A = piston area, square inch. 

L == piston stroke, feet. 
n = total power strokes per minute. 

The indicated horsepower for high-speed engines is obtained 
by adding to the brake horsepower of the engine the frictional 
horsepower determined by dynamometer motoring tests, or 

Pi Pm A- Pf (4) 

where = brake horsepower. 

P/ = horsepower absorbed by friction. 

Friction-horsepower determinations by means of dynamometer 
motoring tests are not extremely accurate. Consequently indi- 
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cated-horsepower values determined by Eq. (4) are influenced by 
the inaccuracy existing in the friction-horsepower determination. 

Brake Horsepower . — The brake horsepower (P«) of an engine 
is the horsepower delivered to the engine crankshaft. It can be 
determined by direct test either by the use of a prony brake or 
dynamometer (see Art. 251, Chap. XX). 

Brake Mean Effective Pressure . — The brake mean effectives 
pressure {p^) of an engine cannot be measured and is a theoretical 


-120 

-100 
-90 

■10 


-45 --Q 

si 

-40 « 
c 

g 

■35 e 
•30 <S 


— 25 

J-20 

Fig. 60.- 


EXAMPLE 

Brake mean effeefive pressure = 80 psi 
Number of power strokes ’ 500 

St-oi"; = 20 in. 

Cy. -:»sr o .'i.-tT;" = 16 in 

Horsepower per cylinder * 406 


30 -T* 


w 500 
1-400- 


15- 
14 ■ 
13 ' 
12 + 


1 + 

,5:20-+«... — ^ innn-i-,250 jrlOOO.f 

200 ^ 4- 900 i 

b700-^ 
■600 
■500 I 

8"T 50 H - -t400 ^ 

^ I04- I -ir 350 *1 

9+ I -^rSOO^ 

®+ I - 1^250 

•200 

+ 150 


.. IW 

g.300--75 ^ 

I 200-^1^ ^ 

100-^25 
■ 15 


30- 


15 

+ 14 
13 
12 


ifi 

■Szo- 

.£j9 

J«i 

S'16- 

15-1 

|w 

1 13 
^12 
11 + 
10 


■10 ■§ 


8 6* 

- 


-Nomographic chart for. determining brake moan effective pressure. 


value which is used for the comparison of mean pressures in engine 
cylinders. It is determined by calculation from brake-horHei)ower 
tests of an engine by use of the following equation : 

33,000 X Pa 
LAn 


Most operating men and designers speak of brake mean effec- 
tive pressure as though it were an actuality and use this theoretical 
value as a convenient means for comparing various engine ratings. 
There is considerable justification for this procedure since the 
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brake mean effective pressure is readily calculated from the shaft 
horsepower and other known characteristics of the engine. 

Mechanical Efficiency . — The mechanical efficiency {cm) of an 
engine is the ratio of the brake horsepower to the indicated horse- 
power or the ratio of the brake mean effective pressure to the 
mean indicated pressure, 

^ X 100 = “ X 100 per cent (0) 

Piston Speed . — The piston speed (Vp) of an engine is the total 
travel of the piston in a cylinder during 1 min. 

Vp - 2Lno 

where Vp = piston speed, feet per minute. 

L == piston stroke, feet. 

Uo = engine rpm. 

Piston speeds for diesel engines in stationary service vary from 
650 to 1,400 fpm, although the most commonly used piston 
speeds for large engines range from 1,000 to 1,200 fpm. 

The nomographic chart, Fig. 51, provides a rapid means for 
determining piston speeds with the stroke ranging from 5 to 30 in. 
and rotative speeds from 125 to 2,000 rpm. A straightedge 
placed across the chart connecting the known stroke and rpm will 
cross the value for piston speed on the center scale. Thus for an 
engine with a 28-in. stroke operating at 225 rpm, the piston speed 
is 1,050 fpm, while an engine with an 8-in. stroke operating at 
1,200 rpm has a piston speed of 1,600 fpm. 

Compression Ratio . — The compression ratio of an internal- 
combustion engine is the ratio of the cylinder volume at the start 
of the compression stroke to the clearance volume above the 
piston when it has reached top dead center. Stated another 
way, it is the volume of air in the cylinder at the start of the com- 
pression stroke divided by the volume attained by this air at the 
end of the compression stroke. 

68 . Engine Fuel. — Fuels used in internal-combustion engines 
are usually hydrocarbons which may be either liquid or gas at 
ordinary temperatures and pressures. Liquid petroleum prod- 
ucts including gasoline, kerosene, and fuel oils are used in the 
largest proportion of engines for fuel, although many engines 
utilize natural gas, sewage gas, manufactured gas, and blast- 
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furnace gas as fuel. Engines considered in this book burn fuel oil 
and gas. Separate chapters are devoted to consideration of 
liquid and gaseous fuels. 
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59. Fuel Admission. — There are three basic methods for 
introducing fuel into an engine cylinder. These are induction, 
injection, and compression. 
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Induction of fuel into an engine cylinder is familiar to those 
conversant with the operation of an automobile engine. The 
fuel is vaporized in a caburetor or other suitable device for mixing 
the fuel with the air drawn into the cylinder during the suction 
stroke. The engine then compresses a combustible mixture of 
fuel and air. Since the compression of any gas or mixture of gases 
raises their temperature, it is necessary that the pressure increase 
through compression be kept below the ignition temperature 
of the fuel-air mixture; otherwise ignition of the mixture would 
occur before such ignition was desired. Whenever an engine is 
equipped for induction of the fuel with the air, it is customary 
to use an electric spark for igniting the fuel charge. 

A mixing valve is used on a gas engine for proportioning the 
combustible gas and air drawn into thfe cylinder. The gas and 
air entering the cylinder must be proportioned and mixed cor- 
rectly to ensure proper combustion. The load on an engine 
varies, and it is necessary that the proper amount of fuel be sup- 
plied for the load carried by the engine. Thus the mixing valve 
must be capable of maintaining the correct proportioning of gas 
and air for all rates at which fuel is demanded by the engine. 

There are three types of mixing valves in general use. These 
are the mechanical, vacuum, and Venturi types. 

The mechanical type, utilizing throttling to regulate the quan- 
tity of gas flowing, is employed on the Worthington gas engine, 
Fig. 52. It is provided with separately adjustable valves for 
controlling air and gas. 

Air is controlled by a double-seated valve, while the gas 
is regulated by a single long conical valve. Each valve is 
adjusted separately to obtain the proper fuel-air ratio. After this 
adjustment has been made for a particular gas, this ratio is 
maintained constant regardless of the load on the engine. 

In the vacuum-type mixer, a piston valve, which controls the 
rate of flow of gas and air through orifices, is actuated by 
the vacuum produced by the engine on the suction stroke. The 
quantity of mixture is controlled by a governor-actuated butterfly 
valve. Mixers of this type usually require the gas be delivered 
to the mixer at 4 to 8 in. of water pressure. 

In the Venturi type, gas and air are mixed in the throat of the 
Venturi tube by the vacuum created during the suction stroke . 
Gas and air are at atmospheric pressure in the Venturi throat. 
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After the gas has been adjusted for the proper fuel-air ratio it will 
remain constant at all loads. The quantity of air-gas mixture 
admitted to the engine cylinders is controlled by a governor- 
actuated butterfly valve. 

Injection of fuel into an engine cylinder is usually done just 
before the maximum pressure occurs on the compression stroke, 



Fig. 62 . — Section through, gas mixing valve used on Worthington gas engine. 
(^Courtesy of Worthington Pump and Machinery Corporation.) 

in other words, just prior to the piston reaching top dead center. 
As a result, it is necessary to force the fuel charge into the cylin- 
der against considerable pressure, usually from 500 to 700 psi. 
In order to get the fuel into the cylinder, it can be forced in by 
means of a high-pressure air blast, usually about 1,200 psi, or it 
can be injected through the use of a suitable high-pressure pump. 
The former method of fuel introduction is known as air injection, 
while the latter is called mechanical injection. Forced injection 
of fuel is employed on all diesel engines. 
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When air injection of the fuel is employed, it is necessary to 
have a suitable high-pressure compressor to supply the necessary 
injection air. This compressor is usually built into the engine. 

The earlier diesel engines employed air exclusively for introduc- 
ing the fuel charge into the cylinder, primarily because mechanical 
skill and precision were not sufficiently advanced to permit con- 



Fia. 53. — Mechamcal-injection nozzle equipped for water cooling. {Courtesy of 
Aircraft & Diesel Equipment Corporation.) 


struction of suitable mechanical-injection accessories for proper 
oil-injection and load-distribution requirements. Improvements 
in the art of constructing fuel-injection accessories have overcome 
these earlier mechanical defects. Today the majority of engines 
in use or being built are equipped with the mechanical-injection 
system. 

Cost and ej05ciency are primarily the reasons for this pro- 
nounced trend to mechanical fuel injection on diesel engines. 
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It costs less to build the mechanical-injection system I'cquired 
for an engine than it does to build the high-pressure air com- 
pressor and other component parts of an adccpiate air-inje(‘tion 
system. Power is required to drive the compressor, and this 
power, ranging from 8 to 10 per cent of the capacity of the engines 
at full-load rating, must be added to the parasite power losses. 
Some portion of this power is recovered upon expansion of this 



Fig. 54. — Schematic arrangement of gas details and piping of Nordbevrg cion- 
vertible gas-burning diesel. {Courtesy of Nordherg Manufacturing (^ornpany.) 


air in the engine cylinders. The mechanical-injection engim^ is 
inherently the more efficient type owing to the absencic of the 
relatively large power demand of the compressor required with 
the air-injection system. 

It is only when the heavier fuel oils are used in an engine that 
the type of fuel-injection system employed in a particular con- 
struction becomes of prime importance. Until recent years, 
only air-injection equipment was considered capable of handling 
the heavy usable residual fuel oils. Developments during the 



Art. 59] 


SELECTING THE ENGINE 


109 


past decade, however, have brought forth many important 
improvements in mechanical-injection equipment. Today both 
mechanical and air injection are successfully employed for 
handling heavy fuel oils. 



Fig. 55. — Hydraulic valve operator employed on Nordberg convertible gas- 
burning diesel. {Courtesy of Nordberg Manufacturing Company,) 


Compression of the fuel charge as a means of introducing 
it into the engine cylinder is employed in the Nordberg gas-diesel 
engine, Fig. 54. This engine compresses the gas in a three-stage 
compressor to 1,100 psi before injecting it into the cylinder. 
Simultaneously with the injection of the high-pressure gas, a small 
quantity of fuel oil is also introduced by means of a mechan- 
ical-injection pump. This oil is used to stabilize combustion of 
the gas and ensure that each charge of gas entering the cylinder 
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will be ignited. The fuel valve is hydraulically operated as 
shown in Fig. 55. 

Tests of the Nordberg gas-diesel show that approximately 
6 per cent of the heat required for producing power is supplied 
by the pilot oil, the remaining fuel being gas. The initial engines 
of this type delivered a constant quantity of pilot oil regardless 
of load on the engine, although the present practice is to vary 
the amount of pilot oil injected with the fuel charge in proportion 
to the load on the engine. 

The National Gas and Oil Engine Company, Ltd., of England 
has developed a dual-fuel engine known as the oil-cum-gas engine. 
Tests on a 200-hp four-stroke-cycle, four-cylinder, 11- by 15-in., 
428-rpm unit built by this company showed that at full load the 
total heat consumption was 7,659 Btu per bhp-hr. Of this heat, 
90 per cent was supplied by gas having a high-heat value of 482 
Btu per Gu ft, and the remaining 10 per cent by fuel oil. A com- 
pression ratio of 13.7 is used, and the governor, in addition to 
varying the quantity of gas admitted for the load carried, also 
adjusts for the variation in heating value of the fucil, thereby 
maintaining a constant quality of the gas-air mixture. 

60 . Fuel Ignition. — After the fuel charge has been introduced 
into the engine cylinder, it is necessary that it be ignited. There 
are three methods employed for performing this function. 

Spark ignition is used in all engines burning gasoline or gas 
where the fuel charge enters the cylinder, with the air for s\ip- 
porting combustion, through a carburetor or gas-mixing valve. 
Spark ignition is also used in the Hesselman engine. There are 
two systems of spark ignition in general use today. The first 
employs an electric battery and high-tension coil, while the second 
uses a high-tension magneto. A suitable distributor for firing 
the spark plugs in proper sequence is used in either case. 

Surface ignition employs a hot tube, bulb, or plate usually 
incorporated in the cylinder head for igniting the fuel charge. 
The surface-ignition method had its inception in the low-pressure 
oil engines developed some 40 years ago, where the air charge in 
the cylinder was first compressed to a relatively low pressure 
before oil was injected into the cylinder. Since the temperature 
of the compressed air within the cylinder was not high enough to 
ignite the fuel charge upon introduction, it was necessary to pro- 
vide a means for heating a portion of the cylinder head above the 
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Fig. 56. — Sectional view of Worthington Type EEG gas engine. {Courtesy of 
Worthington Pump and Machinery Corporation,) 
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ignition temperature of the oil before starting the engine. After 
the engine began operating, this uncooled igniting surface or tube 
was maintained at a sufficiently high temperature by the com- 
bustion of fuel in the cylinder to ensure ignition of each succeeding 
fuel charge. 

CoiTipvessioit ignition was first proposed by T)r. Oiesel in 1893. 
He advanced the idea that if air were compressed to a sufficient 



Compression pressure, psi gage 

Fig. 57. — Chart showing theoretical variation in air tomi)Graturo in rolat^ion to 
pressure to which it is compressed. 

pressure in an insulated cylinder it would attain a temperature 
high enough to ignite the fuel charge when introduced into the 
cylinder. This principle, modified to the extent that the cylinder 
is cooled instead of being insulated, is used today in all compres- 
sion-ignition engines. The air is first compressed to a value 
somewhere between 450 and 700 psi, depending upon the design 
of the engine. The temperature attained by the air upon com- 
pression is suflB.cient to ignite the fuel charge when introduced into 
the cylinder. 
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Theoretical studies covering the compression of so-called per- 
fect gases with the ratio of the specific heat at constant pressure 
and constant volume maintained constant, and the compression 
following a theoretical adiabatic cycle, will produce pressure- 
temperature relationships as shown for n == 1.41 in Fig. 57. In 
the actual compression of air in a cylinder, the value used for n in 
the equation 



may vary considerably from the value of 1.41. As its value 
decreases, the temperature attained upon compression of the air 
is decreased as shown by the curve for n = 1.35. 

In reality, the ratio of the specific heats at constant pressure 
and constant temperature is continually varying during com- 
pression. Consequently the only means for determining the 
actual temperature attained by the air charge in the cylinder is 
from actual experiment. The diameter of the cylinder, cylinder- 
cooling methods, temperature and pressure of the incoming air all 
influence the final temperature attained by the air charge.^ 

61. Stroke Cycles. — Reference has already been made to the 
fact that engines operate on either the two-stroke or four-stroke 
cycle. 

Two-stroke-cycle engines are those in which combustion occurs 
in each cylinder once every revolution. Engines of the single- 
acting type have been built in sizes up to 750 hp per cylinder, and 
by the use of double-acting units firing on both sides of the piston 
alternately, the power developed per cylinder has been increased 
to well over 2,000 hp per cylinder. The largest diesel engine so 
far constructed is the Burmister and Wain unit of 22,500 hp in 
eight cylinders installed in an electric generating station at 
Copenhagen, Denmark. This unit is of the double-acting two- 
stroke-cycle design. Because of the absence of valves in the 

1 For those who desire to consider the matter of theory dealing with tem- 
peratures attained upon compression, the following works should be 
consulted : 

Lichty, L. C., 'internal Combustion Engines,'^ 5th ed., McGraw-Hill 
Book Company, Inc., New York, 1939. 

Shepherd, Harold F.,. ‘‘Diesel Engine Design,” John Wiley & Sons, 
Inc., New York, 1935. 



114 DIESEL- AND GAS-ENGINE POWER PLANTS IChai>. VIII 

cylinder heads of most two-stroke-engine designs, it is contended 
that a much more symmetrical and therefore more rugged head 
can be produced than is possible in the case of the foxir-stroke- 
cycle engines, where either two or four valves are required in the 
cylinder head. It is further claimed that this absence of valves 
results in an engine with fewer moving parts over the cylinder 
heads. 

It is necessary to provide some means for scavenging the cylin- 
ders of a two-stroke-cycle engine so that sufficient fresh air is 
present for sustaining combustion of the fuel during the firing 
portion of the power stroke. This scavenging can be accom- 
plished in several ways, such as by crankcase scavenging (Fig. 
47), a piston-type pump mounted on the engine, direct-driven 
blower, or a blower driven from a separate power source. 

Brake mean effective pressures on the basis of present-day two- 
stroke-cycle engine ratings range from 33 to 68 psi and higher. 

Four-stroke-cycle engines are those in which combustion occurs 
in each cylinder once every second revolution. The tendency 
is for the four-stroke-cycle engine to predominate in the smaller 
cylinder sizes of unsupercharged units ranging from approxi- 
mately 200 hp per cylinder down. For cylinder capacities of 
approximately 200 hp and greater, the two-stroke-cycle engine is 
cheaper to build. When individual cylinder cai>acities exceed 
approximately 500 hp, it is necessary to employ the two-stroke 
cycle. 

There appears to be a tendency among those engine bxiilders 
in the United States manufacturing both four-stroke- and two- 
stroke-cycle engines to limit the size of their four-stroke-cycle 
engines to approximately 150 hp per cylinder, while their two- 
stroke-cycle units are built for capacities exceeding 100 hp per 
cylinder. 

Brake mean effective pressures on the basis of present-day four- 
stroke-cycle nonsupercharged engine ratings range from about 
60 to 100 psi, and for supercharged engines in the approximate 
range of 100 to 130 psi. 

62 . Mechanical Construction. — There are certain mechanical 
design features which classify an engine, and some of these are 
presented here. It should be realized that only those general 
features are treated which serve to classify the general mechanical 
construction of the engine. 
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Fig. 58. — Sectional view of engine with, cross-head piston construction. {Cour- 
tesy of Nordberg Manufacturing Company.) 
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Engines may be designed to develop power on only one side of 
the piston {single acting), or they may be designed to develop 
power on both sides of the piston {double acting). The greater 
portion of the internal-combustion engines built in the United 
States are of the single-acting type. In general, double-acting 
engines employ the two-stroke cycle and arc built in sisses from 
about 100 to over 2,000 hp per cylinder. Double-acting four- 
stroke-cycle engines, because of mechanical complications 
involved in the use of two sets of exhaust and intake valves for 
each end of each cylinder, are now generally considered com- 
mercially impractical. 

Cylinder arrangements for internal-combustion engines may 
be either horizontal, vertical, vee type, or radial. Where thc^ 
large slow-speed engines are used, the vertical type has pre- 
dominated for many years. Recently, many vet‘.-typc engines 
have been installed as prime movers for elecdrical gemerating 
units in industrial establishments, office buildings, and othcu’ 
uses such as for railway locomotives. Many horizontal engines 
are used for oil pumping, gas compression, and for pipe-line serv- 
ice, particularly for natural-gas pumping. Most horizontal 
engines use gas for fuel, have two, three, or four cylinders arranged 
either singly or in tandem, single or double acting. 

Piston construction is usually described as being of the cross- 
head or trunk type, Figs. 58 and 59. Crosshead- type pistons, 
as the name implies, employ a crosshead in connection with the 
piston which serves both as a guide and as a medium for absorbing 
side thrust resulting from the angularity of the connecting rod. 
There are numerous designs of crossheads in use, although the 
slipper type predominates. This type of crosshead, originally 
developed for marine engines, has been adapted for the larger 
stationary-type engines. The trunk-type piston has no separate 
crosshead, the side thrust being absorbed by the relatively long 
piston skirt. As pointed out by Purday,^ there appears to be no 
limit to the size or power of a trunk piston. Practically all 
engines built in the United States rate 300 hp per cylinder or less 
employ trunk-type pistons. Engines having capacities exceeding 
650 hp per cylinder equipped with trunk pistons are in successful 
operation. 

1 PxjRDAY, H. F. P., ^'Diesel Engine Design,” 4th ed., p. 309, D. Van 
Nostrand Company, Inc., New York, 1937. 
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Piston cooling is employed on practically all the large, slow- 
speed engines. Cooling is accomplished by circulating water 
or oil through the piston head. The tendency, apparently, is to 
favor oil cooling of pistons in preference to water cooling owing 
largely to the fact that a leak in the water-cooling system of a 
piston would contaminate the lubricating-oil sxipply for the main 
bearings. In most engines with liquid-cooled pistons, the piston 
head is provided with some type of labyrinth to ensure that the 
cooling medium reaches all parts of the head. Many internal- 
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Fig. 60. — Relationship between horsepower per cylinder and rotative for 

modern stationary diesel engines. 

combustion engines do not cool the piston, since the temperatures 
attained by the metal in the crown and upper walls are not high 
enough to cause damage to the piston. The decision to cool or 
not cool the pistons in a particular type of engine is a matter of 
design which is influenced by the diameter of the piston, material 
used for the piston, rate of heat transmission to and from the 
piston, and many other factors. 

Rotative speeds for internal-combustion engines vary widely, 
as shown by Fig. 60. The data presented are for stationary 
engines only. In recent years there has been a distinct tendency 
to increase rotative speeds as new materials and improved 
processes of engine construction have become available, Since 
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the space occupied by engines of equal horsepower capacity is 
reduced with increase in rotative speed, considerable study as 
well as development has been devoted to the design and operation 
of engines with higher and higher rotative speeds. Space limita- 
tions in railway service, for example, necessitate the use of high- 
speed engines in order to provide the horsepower required within 
the space limitations imposed. In central-station service, the 
tendency has been to employ slow-speed units, operating at 
400 rpm and less, in a majority of instances, although there are 
instances where engines operating at 600 and 900 rpm are being 
used for this type of service. 

Judge ^ points out that the high-speed engine of the compres- 
sion-ignition type has proved its suitability for small marine 
engines, stationary engines, aircraft engines, and for commercial 
vehicles, tractors, road rollers, excavators, railroad locomotives, 
and portable power plants. 

63. Engine Cooling. — While Dr. Diesel's original conception of 
the compression-ignition engine involved an insulated cylinder, it 
was soon apparent that the temperatures resulting from the com- 
bustion of the fuel in such a cylinder would play havoc with the 
metals used for the cylinder and piston. As a consequence, it is 
necessary to provide cylinder cooling to limit the temperatures 
attained by the metal of which it is fabricated. The cooling 
method employed for an engine is influenced by the quantity of 
heat released per unit of cylinder volume, the diameter of the 
cylinder, and the time available for removal of that portion of the 
heat not used in the production of power. Cooling may consist 
of limiting the temperature of the cylinder walls and head only, 
although in some engines cooling of the pistons is also necessary. 
The cooling system in any engine must ^be simple and reliable. 

Unfortunately, the design of the cooling-water system on some 
engines imposes excessive head losses when any appreciable 
amount of cooling water is circulated through the system. In 
general, however, engine designers have recognized the advan- 
tages of a vigorous water flow through the cylinder jackets as an 
aid to adequate cooling, and they have designed the water passages 
sufficiently large to permit a substantial water flow with a min- 
imum head loss. 

^ Judge, Arthur W., “High Speed Diesel Engines,” 3d ed., p. 10, D. Van 
Nostrand Company, Inc., New York, 1939. 
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64. Engine Efficiency. — The internal-combustion engine is 
essentially a heat-converting machine in which a portion of the 
heat resulting from the combustion of the fuel charge in the cylin- 
der is converted into mechanical work. The efficiency of the 
conversion process is readily obtained when the heat input and 
power output are known. For an engine burning a liquid fuel, 
the thermal efficiency referred to the net brake-horsepower output 
is given by the equation 


X 100 (7) 

where == thermal efficiency of engine. 

Qi = heat input of liquid fuel per brake horsepower-hour, 
high heat value. 

When burning gaseous fuel, the thermal efficiency of thci enginci 
referred to the net brake-horsepower output is given by the 
equation 

X 100 (8) 

<Ic 

where Qc = heat input of gaseous fuel per brake horscpowcu-hour, 
high heat value. 

It is often desirable to obtain the over-all efficiency of an engine- 
generator unit where an internal-combustion engine is driving 
an electrical generator. In this case, it is nc^cessary to know the 
electrical output of the generator and the heat input to the engine 
to compute the over-all efficiency of the unit. For an engine 
burning liquid fuel, the over-all thermal efficiency of the asKsembly 
is determined by means of the following equation: 

X 100 (9) 

where — thermal efficiency of engine-generator assembly. 

Qr, = heat input of liquid fuel per kilowatt-hour, high heat 
value. 

When the engine is burning a gaseous fuel, the over-all thermal 
efficiency of the engine-generator unit is computed by the use of 
the following equation: 
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where Qf = heat input of gaseous fuel per kilowatt-hour, high heat 
value. 

Efficiency calculations referred to here are based upon the 
high heat value of the fuel used. There has been some objection 
to this method of efficiency determination on the part of gas- 
engine builders in the United States. Practice, however, has 
favored the use of the high heat value of fuels for all efficiency 
determinations made in the United States, because of the fact 
that the high heat value of the fuel is more readily and accurately 
determined than is the low heating value. A discussion of this 
matter in Chap, X shows that the low heating value of the com- 
bustible portions of gaseous fuels varies from 90.12 to 92.37 per 
cent of the high heat value, which is comparable to the variation 
for liquid fuels. The heating value of gaseous fuels is influenced 
primarily by the percentage of noncombustible gas present and 
not by the variation between the high and low heating values of 
the combustible gases available. 

Theoretical studies of ideal engines indicate that for the same 
compression ratio those operating on the so-called Otto cycle are 
more efficient than those operating on the theoretical diesel cycle. 
In practical application,, however, all engines with comparable 
compression ratios have substantially the same thermal efficiency. 
Parasite losses resulting from the power demands of auxiliaries, 
such as radiator fans, pumps, blowers, or compressors required for 
practical reasons, may influence this efficiency. 

66. Engine Economy. — It is usual to express the performance of 
an internal-combustion engine burning liquid fuel in terms of the 
weight of fuel consumed per brake horsepower produced at one- 
half, three-quarters, and full load. The fact that the engine is a 
heat-converting machine is often lost sight of by doing this. In 
giving gas-engine performance, however, it is usual to express the 
fuel requirements per brake horsepower produced in terms of heat 
units (Btu). 

Since both oil- and gas-burning engines are heat-converting 
engines, it would appear logical to express the fuel requirement 
in terms of Btu per brake horsepower-hour required for the 
various engine loads regardless of whether the engine used oil or 
gas fuel. Thus, instead of stating the fuel consumption of a 
diesel engine at full load as 0.4 lb of oil (heating value 19,000 Btu 
per lb) per horsepower-hour, the heat consumption would be 
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given as 7,600 Btu per bhp-hr at full load. At present, all fuel- 
consumption figures for diesels are given in pounds of fuel referred 
to a reference standard heat value. This really amounts to stat- 
ing the performance in terms of heat units, although it is a 
cumbersome way of arriving at the desired result. 

66. Engine Capacity. — The capacity of any cylinder to produce 
power is determined by the quantity of fuel that can be burned 
efficiently in that cylinder during each power stroke without 
creating excessive temperatures in the piston, cylinder walls, or 
cylinder head. One means for checking this maximum fuel- 
combustion rate is by conducting tests to determine the; engine 
rating at which smoke first appears in the exhaust. A smoky 
exhaust indicates incomplete combustion of the fuel and hence 
decreased efficiency in the use of the heat in the fuel.* 

It is just as important that sufficient air be available to permit 
complete combustion of the fuel charge as it is to have sufficient 
fuel in the cylinder. If insufficient air is provided, incomplete 
combustion of the fuel results. In view of this condition, it is not 
surprising to find that it is impossible in some instances for th(^ 
engine to produce its full load rating because excessive^ pressure 
drops in the air-intake and exhaust linefci rob the engine cylinders 
of part of the air needed for complete combustion of th(‘, fuel 
charge. Two-stroke-cycle engines are particularly scuisitive to 
extreme pressure losses in air-intake and exhaust systems, but 
four-stroke-cyole engines may also be adversely affecjted for the 
same reason. 

Doolittle^ made rather extensive investigations conccu-ning the 
effect of the variation of air-intake pressure, exhaust bac^k pres- 
sure, air temperature, and relative humidity on engine perform- 
ance. His investigations indicated that for two-stroke-cycle 
engines the decrease in the air pressure to the engine and the 
increase in the exhaust back pressure were the elements having 
the greatest effect upon the capacity and fuel economy of a diesel 
engine. The results of these investigations dealing with air 
intake and exhaust are shown in Figs. 61 and 62. 

The results obtained by Doolittle with small engines in the 
laboratory have been substantiated by the author in practical 

^ Doolittle, J. S., Effect of Variation in Atmospheric Conditions on 
Diesel Engine Performance, Trans, A.S.M.B., vol. 63, No. 2, p. 91, February,. 
1941. 
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power-plant installations involving large slow-speed engines. In 
one instance a 1,000-hp 225-rpm four-stroke-cycle engine was 
moved from an existing power plant to a new installation. In 
moving the engine, both the air-intake and exhaust lines were 
shortened considerably and the sizes of both lines more than 
doubled in area. It was possible to get the engine to deliver only 
approximately 850 hp in its former installation. After the 



performance at atmospheric-exhaust pressure. {^Doolittle.) 

relocation, the engine carried a load of 1,000 hp with lower 
exhaust temperatures than were experienced at loads of 850 hp in 
its former location. In the second instance, an engine of approxi- 
mately 3,000 hp was being tested. The pressure drop through 
the air-intake system to the engine was 0.77 in. Hg, and the 
exhaust pressure was 0.97 in. Hg. By a change in the air-intake 
system, reducing the pressure drop of the air to 0.07 in. Hg, the 
fuel economy of the engine at full load was improved by 2 per cent 
and the exhaust temperature was reduced 50 F. When the engine 
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was overloaded 10 per cent, the reduction in the inlet air pressure 
improved the fuel economy 6.5 per cent and reduced the exhaust 
temperature 115 F. The exhaust temperatures and fuel econo- 
mies at three-quarters and one-hall loads were not aliceted 
appreciably by the reduction in the intake air pressure. This 



(A) 



Fig. 62. — (^) Effect of variation in intake pressure on two-stroke-cyole 
engine performance with exhaust pressure equal to intake pressure. {Doolittle.) 
(B) Variation in exhaust pressure on two-stroke-cycle engine performance with a 
constant intake pressure of 28 in. Hg. {Doolittle.) 

confirms the experiments made by Doolittle. It is thus seen that 
the correct design of the intake-air and exhaust systems for an 
internal-combustion engine may have a marked influence upon 
the performance of the engine. 

In buying an engine, it is often necessary to determine just 
how conservatively it is rated, particularly when the unit is to be 
operated at full load for extended periods. By plotting exhaust 
temperatures against load as well as fuel consumption per unit of 
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output against load, from the guarantee data submitted by the 
manufacturer, it is often possible to detect whether or not an 
engine has been excessively rated. In general, the best fuel 
economy of any engine will be found to occur between three- 
quarters and full load. If the fuel-consumption curve tends to 
climb rather steeply between three-quarters and full load, it is 
very probable that the correct rating for the engine should be 
somewhere in the neighborhood of i.ts three-quarters rating. This 
is illustrated by Fig. 63 in which curve A shows a conservatively 
rated engine, while curve B shows an engine that has been opti- 
mistically rated. The engine shown by curve A will, in all 



Fig. 63. — Comparison of fuel consumption for two proposed diesel engines. 

probability, give better service and certainly more economical 
service at the loads above three-quarters load. 

67. Brake -horsepower Rating. — At the present time there are 
several standards by which the capacity of an internal-combus- 
tion engine may be expressed. In the rating method that is 
rapidly being adopted for diesel engines, they are considered as 
being divided into two classifications with a distinct and separate 
method of capacity rating for each. The first group consists of 
engines running at rotative speeds below approximately 750 rpm, 
while the second group includes those engines operating at higher 
rotative speeds. 

For engines operating at less than about 750 rpm, the currently 
accepted commercial or standard sea-level rating is the net 
brake-horsepower output developed continuously at the crank- 
shaft coupling or power take-off end of an engine in good operating 
condition located at an altitude less than 1,500 ft above sea level 
with the atmospheric temperature not exceeding 90 F and the 
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barometric pressure not less than 28.26 in. Hg. For power-plant 
service, the engine rating should be such that it will <uipablo 
of delivering at least 10 per cent in exccs.s of its standard (com- 
mercial rating (sea level or altitude) for a stated period, generally 
specified for large engines as 2 hr out of any 24 with safe operating 
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Fig. 64. — Altitude ratings of diesel engines expressed in percentage of sea-level 
horsepower ratings. {From D.E.M^A,, Standard Practices.) 

temperatures. If such essential auxiliaries as injection air com- 
pressor for an air-injection engine, scavenging air pump or blower 
for two-stroke-cycle engines, or pumps for circulating lubiicating 
oil or piston-cooling oil are separately driven, the horsepower 
required to drive them should be deducted from the horsepower 
delivered to the crankshaft coupling in arriving at the net brake 
horsepower. 
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The full-load capacity of a diesel engine varies with altitude. 
The net brake-horsepower rating of a normal nonsupercharged 
slow- or medium-speed diesel engine at various altitudes, expressed 
in percentage of the sea-level rating, is shown in Fig. 64. 

There are three ratings applicable to engines operating above 
750 rpm. These are continuous, intermittent, and peak horse- 
power capacities. The continuous-horsepower rating is the horse- 
power that the engine is capable of delivering continuously at the 
stated speed for periods exceeding 24 hr with satisfactory oper- 
ating and maintenance characteristics. The intermittent-horse- 
power rating is the power that the engine in good operating 
condition will develop at the stated speed for a period not exceed- 
ing 30 min if immediately followed by a load not in excess of the 
continuous-horsepower rating for at least twice the length of the 
period of the intermittent load. The peah-horsepower rating is 
the maximum horsepower that the engine in proper adjustment 
will develop and maintain without drop in speed for at least one 
minute with a reasonable clean exhaust. The peak-horsepower 
rating serves only as a guide to indicate the surplus power avail- 
able in the engine as stipulated by the manufacturer. The fore- 
going capacities are based upon standard sea-level conditions with 
a barometric air pressure of 29.92 in. Hg and an air temperature 
of 68 F. Horsepower corrective figures for altitude, temperature, 
and humidity applicable to the specified horsepower output 
capacities are furnished by the manufacturer. 

All net horsepower ratings are based on the performance of 
the engine complete with such auxiliaries as are necessary for the 
operation of the engine and as specified by the manufacturer for 
the type of application. These may include air cleaner, fan, 
pumps, supercharger, scavenging equipment, exhaust silencer,,or 
similar items introducing continuous power losses. Specific 
installations may, in addition, require optional equipment that 
may affect the published net horsepower rating of the engine. 

68. Supercharging. — The use of supercharging to increase the 
horsepower developed per cylinder by an engine of a given bore, 
stroke, and speed is coming into more general use. Essentially, 
the supercharging process provides more air in the cylinder to 
support combustion of the fuel by increasing the weight of the 
initial air charge in the cylinder at the start of compression. 
With a greater weight of air to support combustion, a larger quan- 
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tity of fuel can be burned in the engine cylinder during ea(ih 
power stroke without material change in combustion efficiency or 
mean temperature of the cylinder, piston, or valvc's. More fuel 
burned per unit of time means more power produced. 

Supercharging is being employed to 

1. Increase the rated power output capacity of a given engine 
size. 

2. Produce ratings at high altitudes approximating the uirsupcu*- 
charged sea-level rating. 

Theoretically it is possible to increase the horsc^powen,* output of 
a given cylinder considerably by supercharging. From a prac- 
tical standpoint, however, the theoretical gain in |>ow(n’ is not 
fully realized since a portion of this increase in horsc^power is 
required to drive the compressor which provides tlio super(‘.harged 
air. In order to obtain increased hoj-sepower output at thc^ emgine 
shaft through supercharging, it is necessary that thc^ power 
required for supercharging the engine be less than the increase in 
shaft horsepower resulting. 

The supercharger may be operated by direct drive from the 
engine crankshaft, by an exhaust-gas turbine sucdi as in tlu'- Buchi 
system, or by an independent power source. Supcu-charging may 
also be accomplished by employing the underside of (uich of th(^ 
power pistons in a single-acting engine as an air-compressor 
cylinder. 

Practically all two-stroke-cycle engines rcciuire compressors 
or blowers to provide air at sufficient pressure and ample volume 
to scavenge the cylinders at the end of each working stroke. No 
supercharging can result from this scavenging air pressure unless 
provisions are made for creating an air pressure exceeding atmos- 
pheric pressure in the cylinder after the exhaust ports have been 
closed. The scavenging system developed by Sulzer Bros., in 
which a double row of scavenging ports with valve control of the 
upper row is employed, permits the cylinder to be charged with 
air above atmospheric pressure at the time compression starts. 

69. Factors Influencing Engine Selection. — Two basic condi- 
tions must be satisfied if a suitable engine is to be obtained. 
These are the specific needs of the purchaser and the most econom- 
ical means for meeting those needs. The determination of the 
purchaser's' needs involves technical problems dealing with horse- 
power capacity and number of engines required, fuel and 
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lubricants, space requirements of engines, and similar matters, 
while the economic problems involve investments necessary, 
operating costs, and fixed charges. 

The purchaser of an internahcombustion engine wants to buy 
an economical and dependable unit for producing power. His 
attention will naturally be directed to those factors which permit 
him to determine the suitability for his particular requirements 


Fig. 65. — Two Fairbanks-Morse 450-hp, two-stroke-cycle, crankcase-scaveng- 
ing diesel engines installed in a power plant. {Courtesy of Burns cfc McDonnell 
Engineering Company.) 

and the relative dependability and economy of power production 
for the several makes of engines offered. From the buyer’s 
viewpoint, all elements considered in the selection of an engine 
are economic, and all design features are studied for the effect 
they may have on fixed charges and operating and maintenance 
costs. 

Admittedly, the engines considered for any particular applica- 
tion must meet the specific needs of the installation proposed. 
These requirements will vary, but in general they include horse- 
power capacity required, space necessary for housing the engine, 
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and type of fuel and lubricants that can be satisfa(‘.torily used in 
the engine. For example, if a 500--hp unit is needed it is obvious 
that a 300-hp engine is not large enough for the job and a l,()00-hp 
unit is entirely too large. Furthermore, if the over-all length of a 
unit must be limited to 10 ft, a unit 15 ft in length cannot bo 
accommodated. 

Conditions do arise where it is impossible to find an engine 
which exactly meets the requirements of a particular set of condi- 
tions. Where such a situation does occur, it becomes ne(‘>essary 
to make a compromise and select that unit which most nearly 
fits the requirements. In reality most engine applications 
involve compromises in which some of the requiremcints are not 
completely met by the engine purchased. This is not tinusual, 
since practically every engineering problem, be it the design of an 
engine, building, or highway, involves limitations in materials, 
methods of construction, and cost. These limitations both 
technical and economic determine the closeness with which the 
final product approaches the ideal conditions it was supposed to 
meet. 

70. Specifications for the purchase of an internal-ciombustion 
engine require much care and thought in their preparation in 
order that the one proposing to furnish the engine and accessories 
will know exactly what he must provide. While it may appcuir 
to be an easy matter to compile such a specification, thosc=^ who 
have had much practice in such work know that important 
details are easily overlooked. The guiding principle of all 
specification writing is to set forth plainly what is to be furnished. 
The more simply these requirements can be presented, the mor(^ 
effective will be the specifications prepared. 

In developing specifications, it is necessary to divide the con- 
templated improvement into three distinct divisions consisting of 

1. Equipment and materials furnished and services performed 
under the specifications being prepared. 

2. Equipment and materials furnished and services performed 
under other specifications. 

3. Equipment, materials, and services furnished by the pur- 
chaser and not forming a part of any specification prepared. 

In the construction of a small diesel power plant one specifica- 
tion may cover the diesel engines, generators, exciters, air filters, 
mufflers, starting air equipment, interconnecting piping and 
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their erection. A second specification may provide for the 
switchboard, while a third may include the cooling tower. The 
power-plant building, engine foundations, fuel-oil tanks, circu- 
lating-water piping, circulating-water pumps, and other accessory 
equipment and structures would be called for under a fourth 
specification. In such a condition, it is necessary to be certain 
that the various specifications are so coordinated that all facilities 
are provided and that no overlapping of contracts exists. 

As a further example, consider that an engine is to be purchased 
to drive a flour mill. The engine is to be installed in the mill 
and to drive the mill by means of a belt. It becomes necessary 
in preparing the specifications to assure that a complete installa- 
tion will be made. This can be done by providing, in the 
specification, for the contractor to furnish everything necessary 
for the proper functioning of the installation through a blanket 
statement. This procedure may lead to disputes between the 
contracting parties as to just what is necessary for a complete 
installation. The specifications can be written in a form setting 
forth in detail the items of equipment and service to be furnished, 
or the specification may require the contractor to furnish certain 
parts of the installation while the purchaser provides some of the 
remaining parts required for the completed project. 

If the latter procedure is followed, it is necessary that care be 
exercised in setting forth the division of responsibility for supply- 
ing equipment, materials, and services in such a manner that there 
will be no misunderstanding after a contract has been entered 
into. 

After it has been decided just what is to be included in the 
specifications covering the engine and its accessories, the prepara- 
tipn of the detailed requirements can be undertaken. It is impos- 
sible to cover all details which might under various circumstances 
be required in the specifications. The following list includes a 
major portion of the items that should be included or specifically 
omitted in order that the contractor may quote intelligently on 
the job. 

1. Number of engines required. 

2. Horsepower per engine or range of engine horsepower rat- 
ings considered and whether rating is for continuous or intermit- 
tent duty. 

3. Type of service for which engine is to be used. 
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4. Accessories to be included with the engiiu\ 

5. Character of fuel to be used. 

6. Limitations, if any, as to space available for housin^>; 
engines. 

7. Limitations, if any, on rotative speed, type of design, or 
cylinder arrangement. 

8. Limitations, if any, as to sizes of pieces whi(4i c,an clear 
available openings. 

9. Elevation of plant above sea level. 

10. Proximity of railroad siding to plant site. 

11. Size and type of crane available to assist in erection. 

12. Approximate length of air-intake and exhaust lines 
required. 

13. Type of governor required. 

14. Number of electric generators and their individual capaci- 
ties, mechanical, and electrical characteristicis. 

15. If unit or units are to drive a-c generators in paralhi wit h 

existing machines, give name-plate data for existing (uigincNS and 
generators to enable contractor to make nca^essary ])aralk‘l 
operation calculations. * 

16. Starting equipment required. 

17. Fuel- and lubricating-oil tanks and pximps required. 

18. Lubricating-oil conditioning equipment necvlcKl. 

19. Extenb of piping to be furnished. 

20. Cooling- water facilities either to be provided with the 
engine or furnished by others. 

21. Tests for acceptance — specify where they are to be con- 
ducted and whether at the contractor's or the purchaser's 
expense. 

22. Terms and conditions of payment. 
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CHAPTER IX 

FUEL OIL 

Petroleum, either crude or in its various refined forms, is 
probably the most widely used fuel for power i)rodu(*ti<)u in the 
United States. As gasoline, it is used in automolnles, tractors, 
trucks, airplanes, and high-speed boats. Heavier fractions arc^ 
burned in compression-ignition engines used in triu^ks, railroad 
locomotives, power plants, construction machinery, ships, and 
some airplanes. The residues serve as boiler fuel in steam pow(u- 
plants, steam locomotives, steam-propelled ships, and for general 
heating purposes, as well as fuel for large diesel engines in power 
plants and ships. This chapter will consider these refincKi petro- 
leum products used for fuel in compression-ignition engines. 

71 . Fuel Oil. — The American Society of Testing Materials 
defines fuel oil as, ^ 

any liquid or liquefiable petroleum product burned for the gener- 
ation of heat in a furnace or firebox, or for the generation of power in 
an engine, exclusive of oils with a flash point below 100 F (38 G), Tag 
closed tester, and oils burned in cotton or wool wick burners. Fuel oils 
in common use fall into one of four classes: (1) residual fuel oils, which 
are topped crude petroleums or viscous residuums obtained in refinery 
operations; (2) distillate fuel oils, which are distillates derived directly 
or indirectly from crude petroleum; (3) crude 'petroleums and weathered 
crude petroleums of relatively low commercial value; (4) blended fuels, 
which are mixtures of two or more of the three preceding classovs. 

Liquid petroleum distillates having viscosities Ixdween those of 
kerosene and lubricating oil are known as gas oil. 

72 . Engine Fuels. — The types and characteristics of fuel oils 
available for use in internal-combustion engines are largely deter- 
mined by the method employed for refining the crude petroleum 
and the blending or mixing of heavy and light fuel-oil fractions. 
Improvements in refining technique, particularly in the adapta- 

^ Standard Definitions of Terms Relating to Petroleum, A.S.T.M. Desig- 
nation D 288-39. 
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tion of cracking during the past 20 years, have progressed to the 
point where about one-half of the gasoline is being produced in 
cracking plants. Domestic furnace-oil and diesel-fuel markets, 
however, were developed as an outlet for the heavier fractions 
produced in straight-run refining. Cracking-plant operation is 
designed for high gasoline yield, and the gas oils formerly so 
abundant in straight-run refining are being converted into gaso- 
line. The introduction of catalytic processing of petroleum 
hydrocarbons, as typified by the Houdry process, permitted the 
oil refiner to vary his relative production of gasoline and fuel oils 
in accordance with the relative market demands for each.^ 

The demand for fuel oil for diesel engines, while increasing 
rapidly in recent years, represents less than 2 per cent of the total 
sale of petroleum products in the United States. This is strik- 
ingly illustrated by the data covering sale of petroleum products 
in Table 17. 

Table 17. — Diesbl-ftjel Consumption, Gallons 


Year 

Diesel fuel 

All petroleum products 

1934 

12,725,000 

920,164,000 

1935 

16,174,000 

983,686,000 

1936 

17,229,000 

1,092,754,000 

1937 

21,904,000 

1,169,682,000 

1938 

21,204,000 

1,137,123,000 

1939 

23,867,000 

1,231,076,000 


On Jan. 1, 1939, there was slightly over 12 million horsepower 
of diesel engines installed in the United States. Gasoline engines 
installed in motor vehicles at that time represented 2,030 million 
horsepower. Diesel engines thus constituted only 0.6 per cent 
of the total horsepower, of internal-combustion engines, although 
the fuel used by this group was 1.9 per cent of the total petroleum 
products sold. 

In view of these conditions, it is not surprising to find that a 
representative of one of the large oil companies in a recent meeting 
of the Society of Automotive Engineers states: 

The refiner has problems beyond his control which limit his ability to 
meet, economically, a wide variety of diesel-fuel specifications. If the 

1 Mount, W. S., and E. T. Scafe, The Houdry Process and Its Relation to 
Diesel Industry, Proc. O.G.P. Div, A.S.M.JS.^ 1940. 




Table 18. — Detailed Requirements fob Fuel Oils" (A.S.T.^I. D 396-39T) 


A distillate oil for use in burners requiring a 

low- viscosity fuel 

An oil for use in burners requiring a medium- 

viscosity fuel 

An oil for use in burners eo[uipped with pre- 
heaters permitting a high-viscosity fuel 





Water 

and 



Disti 

t 

Flash point, 
deg. F 

point, 
deg. F 

sedi- 

ment, 

per 

cent 

residue, 
per cent 

per’ 

cent 

10 

per 

cent 

point 

Min. 

Max, 

Max. 

Max. 

Max. 

Max. 

Max. 

100 or 
legal 

165 

0 

trace 

O.OS-* 
on 10 per 
cent 

residuum 


410 

110 or 
legal 

190 

lO' 

0.05 

0.25/ 
on 10 per 
cent 

residuum 


440 

no or 

legal 

230 

20' 

0.10 

0.15 



130 or 



1.00 


0.10 


1 150 



2.00‘ 





“ Recognizing the necessity for low-sulfur fuel oils used in connection with heat-treatmt 
special uses, a sulfur requirement may be specified in accordance with the following table: 
Grade of Fuel OH 

No. 1 

No. 2 


No. 6. No limit 

Other sulfur limits may be specified only by mutual agreement betw'een the purchaser and the seller. 

t It is the intent of these classifications that failure to meet any requirement of a given grade does not automatically place an oil in i 
grade unless in fact it meets all requirements of the lower grade. 

' Lower or higher pour points may be specified whenever required by conditions of storage or use. However, these specifications sh 
a pour point lower than 0 F under any conditions. 

^ The carbon residue on 10 per cent residuum may be increased to a maximum of 0.12 per cent when this oil is to be used in other th 
blue-flame burners. This limit may be specified by mutual agreement between the purchaser and the seller. 

' The maximum end point may be increased to 690 F when this oil is to be used in other than sleeve-type blue-flame burners. 

f To meet certain burner requirements, the carbon-rffiidue limit on this oil may be reduced to 0.15 per cent on 10 per cent residuum 

» This requirement may be waived if the A.P.I. gravity is 26 or lower. 

'■ The amount of water by distillation plus the sediment by extraction shall not exceed 2.00 per cent. The amount of sediment by e: 
not exceed 0.50 per cent. A deduction in quantity shall be made for all water and sediment in excess of 1.0 per cent. 
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diesel-engine user is to continue to enjoy low-cost fuel, and if tbe diffi- 
culties traceable to the wide variations in the fuels now supplied by the 
different refiners are to be eliminated, then we must ask for a fuel which 
will satisfy the refiner as well -as the consumer and which will meet the 
requirements of the diesel engines now in use. 

Procurement of fuels for use in diesel engines is an economic 
problem. Where the engine is capable of burning a wide variety 
of fuels, the plant operator is able to secure fuel at a relatively 
low cost year in and year out. On the other hand, the engine 
requiring a special fuel for satisfactory performance will, by the 
very nature of the petroleum business, be an engine requiring a 
relatively costly fuel oil. 

73 . Fuel Specifications. — Since the development of higher 
speed diesel engines used in trucks, busses, and other portable 
service, the oil refiner has been greatly concerned over the many 
specifications for fuel oil which have followed this development. 
In an endeavor to secure fuels satisfactory to the refiner, engine 
designer, and the engine operator, the A.S.T.M. has sponsored 
the development of a series of standard fuel-oil specifications. 
The latest available classification of fuel oils prepared by the 
A.S.T.M. is given in Table 18. Work in connection with this 
problem is still in progress, and the data contained in Table 1 8 are 
tentative and subject to revision. 

On the Pacific coast, fuel oil is usually specified and purchasc^d 
in accordance with Pacific Specifications. These specifications 
are set forth in Table 19. 

In an endeavor to classify the fuel-oil requirements of high-, 
medium-, and low-speed diesel engines manufactured in the 
United States, Hubner and Egloff^ of the Universal Oil Products 
Company compiled data obtained from 48 manufacturers regard- 
ing fuel-oil requirements. Their findings relative to the require- 
ments for fuel oil do not include requirements set up for diesel- 
electric locomotives and the United States Military Service. 

74 . Fuel Analysis. — In submitting fuel-oil samples to a testing 
laboratory for analysis, it is always advisable to specify the 
tests that should be made. If such a procedure is not followed, 
the laboratory may make tests that are of little value to the user 
and may omit other vital information from the laboratory report. 

1 Htjekteh, Wilmam H., and Gustav Egloff, A Study of Diesel Fuels, 
Proc. OOP Division of A. S.M.E,, 1937, p. 166. 
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Table 19. — Pacific Specifications fob Fuel Oils of Vakious 
Designations 



Grade® 


Water 



Flash 

and 



sedi- 



point. 

ment. 



deg F 

Pacific 

specifi- 

cation 

number 

Description 

Max. Min. 

Maxi- 


Viscosity, sec Distillation temperatures 


Saybolt Saybolt 

universal, Purol, 10% point 90% point 

at 100 F at 122 F 


Max. Min Max. Min. Max. Min, Max. Min. 


P.S. 100 A distillate oil for use in 
stoves, space heaters, 
burners, and distillate- 
burning spark-ignition 
engines requiring 
volatile fuel, and com- 
monly described 
stove distillate or stove 
oil 

P.S. 200 A distillate oil for use in 
furnaces, burners, die- 
sel or semidiesel en- 
gines requiring a low- 
viscosity, moderately 
volatile fuel, and com- 
monly described as die- 
sel fuel oil, or tmrner oil 

P.S. 300 A residual oil for use 
without preheating in 
furnaces and burners 
requiring a low-vis- 
cosity fuel, and com- 
monly described as 
light fuel oil, domestic 
fuel oil, or low-viscosity j 
fuel oil 

P.S. 400 A residual oil for use in 
furnaces and burners 
equipped with preheat- 
ers permitting a high- 
viscosity fuel, and com-'] 
monly described as in- 
dustrial fuel oil, heavy 
fuel oil, or high-viscos- 
ity fuel oil 


165 no 


150 


150 


150 


0.25 


0.5 


2.0 


55 


35 


40 


60 


350 550 450 


425 


Intermediate grades of oil to be designated as of the lower Pacific specifications number. 
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Table 20. — Manueacturbks^ R-ecommended Fuel Specjipicationb for 
High-, Medium-, and Low-speed Diesel En(»’Ines 



High-speed (above 
1,000 rpm) 25 
man \if a ctu r ers 

Modium-HpcHHl 
(500-1,000 rpm) 
26 mamifacturiM'H 

Low-Hpt^t^d (h(‘l()\v 
500 rpm) 33 
luiinufaciurerH 

Spread. 

Average 

Spreml 

Average 

SprtuKl 

Av<inig<‘ 

Viscosity, SU at 100 F: 







Seconds, min 

34-40 

36 

34-75 

40 

30-75 

40 

Seconds, max 

40-250 

78 

45-2.50 

87 

50-250 

106 

Gravity, deg A.P.I. : 







Minimum 

16-30 

26 

16-31 

25 

13 30 

24 

Maximum 

29-45 

35 i 

20-45 : 

36 

10-15 

34 

Sulfur, per cent max 

0-2.0 

0.9 

0-2.0 

1.0 

0-2 . 0 

1 . 1 

Hard asphalt, per cent max. . . . 

0.05-1.0 

0.510 

0. 0,5-1. 0 

0.62 

0.3-0. 7 

0.43 

Conradson carbon, per cent 







max. 

0-3.0 

0.6 

0-5 . 0 

1.0 

0-10.0 

1.7 

Ash, per cent max 

0.01-0.05 

0.03 

0-0.3 

0.04 

0-0. 15 

0 . 04 

Water and sediment, per cent 







max 

0-2.0 

0.4 

0-2 . 0 

0.6 

0 1 . 0 

0.8 

Flash point, deg F min 

135-150 

148 

140-105 

3 52 

140-100 

151 

Pmir point, dog F max . 


b 


h 


h 

Distillation characteristics, deg 
TT* 







Jc • 

10 per cent pt. max 

460-475 

405 

460-510 

485 



90 per cent pt. max 

660-700 

700 

600-750 

605 

660-750 

705 

E.P. max 

650-700 

680 



700 

700 

Ignition quality 







Cetene No., C.C.R., min. . . . 

38-45 

42 

40-,50 

45 

35-1 0 

43 

Cetane No,, C.C.R., min. . . . 

45 

45 

45 

45 



Cetane No., delay, min 

35-45 

37 

35-45 

40 

30-45 

37 

Diesel index No., min 

35-40 

38 

40-50 

45 

40 

40 


« Ignition qxiality values cannot be considered entirely roprosontative beoaxiao of l.ho 
differences in nomenclature used for expressing same. 

^ 10 to 15 F below operating temperature. 


Many tests have been devised for determining the various proper- 
ties of fuel oils, but the following are those which will give th(i 
information needed for an intelligent study of the fuel. 

Gravity, in degrees A.P.I. at 60 F. 

Heat content, in Btu per pound, high-heat value. 

Flash point, by Pensky-Martin closed tester, in degrees Fahrenheit. 

Water and sediment, by means of test centrifuge, in per cent by volume. 
Viscosity, in SSU at 100 F, or centistokes at 100 F by kinematic method. 
Carbon residue, in per cent by weight by Conradson method. 

Ash, in per cent by weight. 

Pour point, in degrees Fahrenheit. 
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Sulfur, in per cent by weight. (In fuels suspected of corrosive sulfur a test 
for active sulfur should be requested.) 

Acidity, reported as acid, neutral, or alkaline. 

Ignition quality, in cetane number, (In comparing similar fuels bought 
from one company, Diesel Index may be a satisfactory substitute.) 

Instructions should be given the testing laboratory to make all 
tests in accordance with methods prescribed by the A.S.T.M. 

76. Specific Gravity. — Until recent years, practically all diesel 
fuel was selected for use largely on the basis of specific gravity. 
Most plant operators still judge the suitability of a fuel by its 
specific gravity and are often surprised and puzzled when two 
different fuels of the same gravity act differently in the same 
engine. While viscosity and ignition quality influence a fuehs 
characteristics much more than its specific gravity, nevertheless, 
the plant operator and designer are still vitally interested in the 
specific gravity of the fuel oil. 

If the specific gravity of the oil is known, the engine builder^s 
guarantees, based upon pounds of oil per brake-horsepower out- 
put, can be readily converted into terms of oil purchase which is 
gallons corrected to 60 F. Likewise, with the specific gravity and 
temperature of the oil known, the volume of oil purchased can be 
readily converted to standard volume at 60 F which is generally 
the basis of volume measurements for sale. 

Two specific-gravity scales have been used in the past for 
petroleum products known as the Baum6 scale and the American 
Petroleum Institute, or A.P.I. scale. Both are expressed in 
degrees. Under both methods of measurement the specific 
gravity of a petroleum oil or mixtures of petroleum products is the 
ratio of the weight of a given volume of the material at 60 F 
(15.56 C) to the weight of an equal volume of distilled water at 
the same temperature. 

The Baum6 scale is in reality two scales, one of which is used for 
liquids lighter than water and one for liquids heavier than water. 
For liquids lighter than water, 

140 

Specific gravity = (11) 

For liquids heavier than water, 

Specific gravity 


145 
145 - 
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Table 21. — Oil-measurement Data at 60 



Specific 

Lb per 

Approxiiuato heating value 

W eight 

Deg. A.P.I. 

gravity 

gal 

Btu per lb 

Btu i>er gal 

lb i>er cu ft 

5 

1.0366 

8.63 

18,290 

157,840 

64.59 

6 

1.0291 

8.57 

18,340 

157,170 

64. 12 

7 

1.0217 

8.50 

18,300 

156,320 

63.65 

8 

1.0143 

8.44 

18,440 

155,340 

63. 19 

9 

1.0071 

8.39 

18,490 

155,130 

62.78 

10 

1.0000 

8.33 

18,540 

154,620 

62.36 

11 

0.9930 

8.27 

18,500 

153.740 

01.93 

12 

0.9861 

8.22 

18,640 

153,220 

61.50 

13 

0.9792 

8. 16 

18,690 

152,510 

61.07 

14 

0.9725 

8. 10 

18,740 

151 ,790 

00.65 

15 

0.9659 

8.05 

18,790 

151,200 

60.24 

16 

0.9593 

7.99 

18,840 

150,530 

59 . 83 

17 

0.9529 

7.94 

18,890 

149,980 

59 . 42 

18 

0.9465 

7.89 

18,930 

149,300 

59 . 03 

19 

0.9402 

7.83 

18,980 

148,010 

58.64 

20 

0.9340 

7.78 

19,020 

147,980 

58.25 

21 

0.9279 

7.73 

19,000 

147,330 

57 . 87 

22 

0.9218 

7.68 

19,110 

140,700 

57 . 49 

23 

0.9159 

7.63 

19,150 

140,110 

57. 12 

24 

0.9100 

7.58 

19,190 

145,400 

56.75 

25 

0 . 9042 

7.53 

19,230 

144,800 

56.39 

26 

0.8984 

7.49 

19,270 

144,330 

50 . 03 

27 

0.8927 

7.44 

19,310 

143,670 

55 . 68 

28 

0.8871 

7.39 

19 , 350 

142,990 

55.32 

29 

0.8816 

7.35 

19 , 380 

142,440 

54.98 

30 

0.8762 

7.30 

19,420 

141 ,770 

54.64 

31 

0.8708 

7.26 

19,450 

141 ,210 

54.31 

32 

0.8654 

7.21 

19,490 

140 , 520 

53,97 

33 

0.8602 

7. 17 

19 , 520 

139,9010 

53.64 

34 

0.8550 

7.12 

19 , 560 

139,270 

63.32 

35 

0.8498 

7.08 

19,590 

138,090 

63.00 

36 

0.8448 

7.04 

19,620 

138,120 

62.68 

37 

0.8398 

7.00 

19,650 

137 , 550 

52.37 

38 

0.8348 

6.96 

19,680 

136,970 

52 . 06 

39 

0.8299 

6.92 

19,720 

136,460 

51.76 

40 

0.8251 

6.87 

19,750 

135,680 

61.40 

41 

0.8203 

6.83 

19,780 

135,090 

61.16 

42 

0.8156 

6.79 

19,810 

134,510 

60.86 


\ Courtesy Power. 
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For liquids lighter than water the Bauin6 scale starts at 10 ° Be 
corresponding to a specific gravity of 1.0000, and as the degrees 
Baum6 increase the specific gravity decreases. For liquids 
heavier than water the Baum6 scale starts at 0° Be correspond- 
ing to a specific gravity of 1.0000, and as the degrees Bauin6 
increase the specific gravity increases. 

The use of two scales for the designation of the specific gravities 
of petroleum products has led to much confusion. In order to 
eliminate this constant misunderstanding, the A.P.I. scale was 
developed. According to the ^^Smithsonian Physical Tables,^' ^ 

In order to avoid confusion and misunderstanding the American 
Petroleum Institute, the Bureau of Mines, and the Bureau of Standards 
have agreed that a scale based on the modulus 141.5 shall be used in the 
United States Petroleum Industry and shall be known as the A.P.I. 
scale. The United States Baum6 scale based on the modulus 140 shall 
continue to be used for other liquids lighter than water. 

Thus the A.P.I. scale given by the formula 

141 5 

Specific gravity = 131 5 °A.P.I. 

serves for petroleum products lighter as well as heavier than 
water. It is not subject to the limitations of the Baum 4 scale 
since inspection of the formula shows that the A.P.I. gravity of 
water is 10, liquids heavier than water less than 10, and liquids 
lighter than water greater than 10. 

The specific gravity of practically all fuel oil and other petro- 
leum products today is expressed by means of the A.P.I. scale, 
and standard methods of determining the gravity by test^ have 
been developed. 

Table 21 is useful for making conversions from the A.P.I. 
gravity scale to specific gravity, weight per gallon, and weight 
per cubic foot. Approximate heating values for the different 
specific-gravity fuels are also given in this table. All data are 
based upon standard temperature conditions of 60 F. Specific- 
gravity determinations made at any temperature between 20 and 
120 F can be corrected to 60 F by means of Fig. 67 , while volume 

^ Eighth revised edition, p. 158. 

2 Standard Method for Test for Gravity of Petroleum and Petroleum 
Products by Means of the Hydrometer, A.S.T.M. Designation D 287-37. 
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corrections for the same temperature range can be made by means 
of Fig. 68. These two figures are based on the National Btandard 
Petroleum Oil Tables, Bur. Standards Cir. C 410. 



Fiq. 67. — Temperature-correction scale £or A.P.I. gravity of pctroLeuiu products. 


76. Heat Content. — The heat content of fuel oil is gcmu-ally 
expressed in Btu per pound of fuel on the basis of its high heat 
value, Le., the heating value is expressed in terms of the total 



Fig. 68. — Volume-correction scale for petroleum products. 

heat generated by the burning of the oil irrespective of whether 
this heat is or is not recoverable. When fuel oil burns, the hydrogen 
contained in it unites with oxygen to form water. The heat 
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required to form water vapor cannot be recovered to perform 
work in the engine cylinder. As a result, while the total heat 
contained in a pound of fuel oil may be as much as 19,500 Btu, in 
reality only about 18,500 Btu are available for doing work. It 
would appear that since all the heat produced by the combustion 
of fuel oil cannot be recovered it would be advisable to express 
the heating value of oil on its low heat value. This is not done 
primarily because it is a simple matter to make determinations of 
the high heating value, while determinations for the low heating 
value are more difficult to execute and their accuracy is often 
questionable. As pointed out in Chap. VII, engine thermal- 
efficiency computations are based upon the high heat value of 
liquid fuels. 

77. Flash Point. — The flash point of fuel oil is that temperature 
at which the fuel vapors given off will ignite. Flash point bears 
no definite relation to the performance of the fuel in the engine. 
It is primarily needed in testing a fuel in order to determine its 
relative fire hazard. In this connection, it is always advisable 
to have tests made by the Pensky-Martin closed tester, since this 
test procedure gives a better indication of the hazards of fuel oils 
stored in bulk storage and day fuel tanks. 

78. Water and Sediment. — The term water and sediment, 
often called BS&W (bottom sediment and water), is self-explana- 
tory. Sediment should be limited when the fuel is to be used in 
small high-speed engines. For large slow- and medium-speed 
units, water and sediment in quantities less than 1 per cent are 
seldom injurious to the engine. On the other hand, any careful 
operator should attempt to remove as much foreign matter as 
possible from the fuel supplied to any engine, either through 
straining or centrifuging. Excess water is not particularly harm- 
ful to an engine, although it may separate out and reach the fuel 
nozzles in such quantities as to cause misfiring. 

79. Viscosity. — ^All fluids possess a definite resistance to a 
change of form, which tends to reduce the rate of flow of the liquid. 
Viscosity is the term applied to this internal friction or shearing 
resistance of fluids. 

We are all familiar with the flow characteristics of an asphalt 
pavement in hot weather when one^s heel will make imprints 
in the surface or automobiles brought to a sudden stop will shove 
sections of the asphalt from its normal location, resulting in the 
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formation of waves in the pavement surface. Likewise we are 
well aware of the slowness with which molasses flows in cold 
weather. These are all examples of the internal friction within 
the materials. It is also common experience that heat when 
applied to materials such as molasses, roofing tar, asphalt, wax, 
and other similar materials will cause them to ^^flow like water.'’ 
When they return to normal temperatures, ranging from 40 to 
70 F, most of these substances exhibit only slight tendency to flow. 


Table 22. — Heat Content of Petroleum Liquids, Btii per Callon'^ 
Degrees A.P.I. at 60 F 

Temp., deg F 10 20 30 40 50 


Specific gravity at 60/60 F 



1.000 

0.9340 

. 0.8762 

0.8251, 

0 . 7796 

0 

-105 

-102 

- 99 

- 96 

- 93 

10 

- 73 

- 70 

- 68 

- 66 

- 64 

20 

- 40 

- 39 

- 37 

- 36 

- 35 

32 

0 

0 

0 

0 

0 

40 

+ 27 

4- 26 

+ 25 

+ 24 

+ 24 

50 

61 

59 i 

57 i 

55 

54 

60 

95 j 

92 

89 

86 

84 

70 

130 1 

126 

122 

118 

115 

80 

165 

160 

155 

150 

146 

90 

201 

194 

188 

182 

177 

100 

237 

229 

222 

215 

209 

110 

273 

264 

256 

248 

241 

120 

310 

300 

290 

281 

273 

130 

347 

335 

325 

315 

306 

140 

384 

371 

360 

349 

339 

150 

422 

408 

395 

383 

372 

160 

460 

445 

431 

418 

406 

170 

499 

482 

467 

453 

440 

18^0 

538 

520 

503 

488 

475 

190 

577 

558 

540 

524 

509 


1 From Bur. Standards Bull. 97. 


Although a complete understanding of the property of materials 
known as viscosity involves studies that are not within the scope 
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of this volume, nevertheless, it is necessary to have a working 
knowledge of viscosity of fuel and lubricating oils for a proper 
understanding of problems involved in both the design ^and 
operation of th^ plant. 

Viscosity, in its absolute physical conception, is the shear 
resistance that requires a force of one dyne to move a plate one 
square centimeter in area separated by the fluid a distance of 
one centimeter from another surface at a velocity of one centi- 
meter per second. This unit of absolute viscosity is known as a 
poise. Usually absolute viscosity is measured in centipoises, 
where 100 centipoises equal one poise. Kinematic viscosity is the 
absolute viscosity divided by the specific gravity and is generally 
expressed by the ratio u/ s in which u ~ absolute viscosity, poises, 
and s = specific gravity. 

In practical viscosity determinations, it is not possible to 
measure the absolute viscosity. Instead, viscosity is generally 
determined by observing the time required for a definite volume 
of the liquid under definite temperature and head conditions to 
flow through a tube of small internal diameter.^ In general, 
viscosity measurements made in the United States are by means 
of the Saybolt viscometer, and the viscosity is stated, in seconds 
Saybolt universal (SSU), which is the time in seconds required for 
a given quantity of the fluid at a given head to run through the 
viscometer or measuring instrument. All viscosity determinations 
must he made at definite temperature conditions, and the temperature 
at which the viscosity determination was made must he stated. A 
viscosity determination without knowing the temperature at which it 
was made is worthless. 

Under certain conditions it is necessary to know the kinematic 
viscosity of the oil being dealt with. This can be obtained by 
means of the following equation when the Saybolt universal 
viscometer reading is known (SSU). 

Kinematic viscosity = — = 0.0022^ — (14) 

where t = time, seconds, given for viscometer reading. 
u/s ^ kinematic viscosity, stokes. 

^ Viscosity by Means of the Saybolt Viscometer, A.S.T.M. Designation 
D 88-38. 



148 DIESEL- AND GAS-ENGINE POWER PLANTS [Ohap. IX 

Equation (14) when used for converting directly from seconds 
Saybolt universal to centistoke units takes the following form: 

- = 0.22i - ^ (16) 

5 t 

where u/s = kinematic viscosity, centistokes. 

All that it is necessary to do to obtain the absolute viscosity in 
centipoises is to multiply both sides of Eq. (15) by .s*, the specific 
gravity of the oil under consideration, and we obtain 

u == 0.22^5 — 180 1 (centipoises) (16) 

For purposes of pipe-line calculations it is necessary to convert 
from metric to English units for the value of absolute viscosity. 
This conversion is given by the following equation: 

(J7) 

All letters bear the same values as given in Eqs. (14) to (16). 
Equation (17) will be of value later in connection with calculations 
dealing with the loss of head of oil flowing through pipes. 

Reference has been made to the fact that any viscosity deter- 
mination is valueless unless the temperature at which the deter- 
mination was made is also known. As the temperatuxx’! of any 
liquid petroleum product increases, the viscosity either in SSU or 
centistoke units decreases. The characteristics of this change in 
viscosity due to temperature are well known, and standard 
logarithmic charts^ have been developed for plotting this viscos- 
ity-temperature relation. When the temperature and viscosity 
of a given oil are known for two temperature conditions, a straight 
line drawn between these two points will show the viscosities at 
all intermediate temperature conditions. 

An example of such a chart is shown in Fig. 69. On this chart 
are shown the temperature-viscosity relation for two different 
oils. Oil A has a viscosity of 47.5 SSU at 100 F, while oil B has a 
viscosity of 550 SSU at the same temperature. Obviously, 
oil A is much more fluid than B and will offer considerably less 

^ Standard Viscosity-Temperature Charts for Liquid Petroleum Products, 
A.S.T.M. Designation D 341-39. 


At = 0.0006725 ( 0.22t 
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friction to flow. On the other hand, water has a viscosity of 
31.5 SSU at 60 F, and its viscosity changes but slightly for tem- 
peratures between 50 and 120 F. 

In addition to knowing the viscosity of the fuel being used in an 
engine, it is also desirable at times to know what the viscosity 
of a mixture of two different fuel oils would be. The viscosity- 
temperature chart can also be used for estimating the viscosity 



FiO- 69. — Tentative viscosity-temperature otiart for liquid petroleum products. 

D 341-37T.) 


of mixed oils. If the viscosity of one oil is 40 SSU at 100 F and 
the viscosity of the second is 200 SSU at the same temperature, 
viscosities of various proportions of these two oils at 100 F can be 
determined as follows: On the line for 0 F plot the viscosity of the 
first oil, namely, 40 SSU ; and on the line for 100 F plot the viscos- 
ity of the second oil, 200 SSU. Draw a straight line between 
these two values (see Fig. 69). If these two oils are mixed in 
equal proportions, the resulting viscosity at 100 F is 64.5 SSU, 
and if 80 per cent of the mixture is the heavie^ciliJ^ result! 
viscosity would be 115 SSU. 
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80. Carbon Residue. — It is important to know the quantity of 
carbon contained in a fuel oil, and a standard method of test 
known as the Conradson carhon-residue test^ has been devised for 
this purpose. While it is somewhat difficult to place a specific 
interpretation on the results of Conradson tests, it is known that 
the higher the percentage of carbon in a fuel oil, the poorer the 
quality of the oil. Small high-speed engines reciuire fuel having a 
Conradson carbon content of less than of 1 pen* exmt, while the 
larger slow- and medium-speed engines are not sensitive to fuels 
containing much higher percentages of cax*bon. 

81. Ignition quality.^ — The spontaneous ignition point of a fuel is a 
function of temperature, pressure, and time. Since it would 1)0 difficult 
to reproduce artificially the temperature, pressure, and time conditions 
that exist in an engine cylinder, the best apparatus for measuring the 
ignition quality of a fuel would appear to be an actual diesel cylinder, 
running under normal operating conditions. 

Due to the many uncontrollable variables existing in ari actual 
engine, more reproducible results are obtained if test fuels are conqxared 
against standard fuels of known ignition quality run in the same engine 
and at the same time as the test fuel. 

The standard test fuels that have been adopted for measurixxg the 
ignition quality of diesel fuels are two hydrocarbon liquids — cetane and 
alpha-methyl-naphthalene. Cetane has very good ignition qualities 
while alpha-methyl-naphthalene is very poor in this respect. 

The yardstick used for measuring the ignition quality of diesel fuels 
is the cetane number scale. On this scale, the cetane number of a fuel 
is the percentage of cetane with alpha-methyl-naphthalene in the 
standard fuel that matches the ignition quality of the tested fuel. Thus, 
if a fuel has the same ignition quality as a mixture of 60 per cent cetane 
in alpha-methyl-naphthalene, the fuel has a cetane number of 60. 

Although several methods for measuring ignition quality have been 
proposed, the ^'ignition-delay'' method using a single-cylinder diesel 
engine is most widely used. The engine is equipped with a mechanism 
for varying the compression ratio, other operating conditions being 
carefully held constant including the delay period. The beginning of 
the delay period is registered electrically by a contact on the injector 
plunger. The end of the delay period is also registered electrically by 

^ Standard Method of Test for Carbon Residue of Petroleum Products, 
Conradson Carbon Residue, A.S.T.M. Designation D 189-39. 

^ Reprinted from “Diesel Operation — ^Fuel and Lubricants," as published 
by the Texas Company, New York. 
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another contact which is actuated by movement of a small diaphragm 
located in the combustion chamber caused by ignition of the fuel 
charge. 

In determining the cetane number by the ignition-delay method, the 
engine is first run on the fuel under test and the compression ratio varied 
until the delay period is adjusted to the standardized length. A fuel 
of poor ignition quality will require a high compression ratio to shorten 
the delay period to the standard figure; while a fuel of good ignition 
quality will have a naturally shorter delay period and compression will 
have to be lowered to obtain the standardized delay period in the test 
engine. After the compression ratio required for the test fuel is found 
and recorded, various mixtures of cetane in alpha-methyl-naphthalene 
are then tested and on each is determined the compression ratio required 
to produce the standard delay period. The cetane number of the test 
fuel is equal to the percentage of cetane in the cetane mixture that 
required the same compression ratio as the test fuel to produce the 
standard delay period. 

82. Fuel-oil Delivery. — Several methods of fuel delivery are 
available including delivery by railroad tank car, tank wagon, 
barge, or pipe line. Barge delivery can be used only at coastal 
and lake ports or river terminals where the quantities of oil to be 
used are sufficient to justify shipment by this method. Pipe- 
line delivery is available when the plant is located adjacent to a 
pipe-line delivery station or refinery. A major portion of the 
diesel plants in the United States receive their fuel-oil supply 
either by tank car or tank wagon. 

Standard tank cars vary in capacity from 6,000 to 10,000 gal. 
Tank wagons vary in size from 600 to 4,500 gal capacity. As 
pointed out in ^'Standard Practices, the minimum capacity of a 
tank-wagon compartment is approximately 200 gal, and there is 
usually no reduction in price of tank-wagon delivery for more than 
one compartment. Some tank-wagon suppliers offer a discount 
in fuel-oil prices for yearly contracts irrespective of the frequency 
of delivery. On the other hand, the Petroleum Code does not 
allow tank-car prices to be quoted if the cars are not unloaded 
directly into the buyer^s storage facilities. 

In most instances where diesel engines are installed in electric 
generating stations and industrial establishments, facilities are 

^ “Standard Practices,'^ Diesel Engine Manufacturers’ Association, New 
York, 1935, p. 55. 
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provided for storing one or more tank cars of oil, and delivery of 
oil is taken in carload lots at the plant railroad siding. When the 
plant is not on a railroad siding, facilities are provided by the 
purchaser either for pumping direct from the siding to his plant 
or for truck transportation from the tank car. 

83. Fuel-oil Storage Capacity. — Adequate fuel-oil storage is 
one of the cheapest items that can be purchased for any diesel 
installation. In view of its cheapness, it is wise to provide too 
much rather than too little storage capacity. 

In determining the amount of storage capacity to provide 
in any particular case, several factors must be takcui into con- 
sideration. The factors are the average quantity of oil rcuiuired 
per month, method of oil transportation to the plant sitc^, dis- 
tance from source of oil supply, and fluctuations in find pricers 
which are to be encountered from time to time. Thesc^, stiveral 
factors will be considered in the order given. 

In determining the quantity of oil to be used by the plant, 
consider that 10 kwhr, or 15 bhp-hr, will be prod\iccd pen* gallon 
of fuel oil consumed. While practically every diesed engine in 
power service today will produce more power per gallon than the 
figures given, nevertheless these values are convenienit to remem- 
ber, easy to apply, and are on the side of safety. Assuming 
that a plant is generating 10,000 kwhr on the average pen* month, 
or 120,000 kwhr annually, we must provide 10,000/10, or 
1,000, gal of fuel oil per month. Likewise our annual fuel-oil 
requirements would be approximately 120,000/10, or 12,000, gal. 
In other words, this plant would require two carloads of oil 
annually, the cars being considered as the smallest capacity or 
6,000 gal per car. 

If this plant is located on a railroad siding where tank cars can 
be unloaded conveniently, it would be advantageous to buy oil in 
carload lots. Sufficient storage in this case should be provided 
to take care of a carload of oil regardless of the amount from a 
previous carload remaining in stock. In other words, tankage 
capacity of 12,000 to 15,000 gal would be considered desirable for 
a plant of the character outlined. On the other hand, if this 
plant were located in a neighborhood remote from railroad facili- 
ties, the storage capacity provided would be influenced by the 
method of oil delivery, which would undoubtedly be by tank 
wagon. 
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The distance that oil must be transported also influences the 
storage capacity needed, since enough oil must be kept on hand 
at all times to keep the plant operating even though deliveries are 
slowed up as a result of strikes, delays in transit, or failure of the 
supplier to make delivery for any other reason. The diesel- 
engine plant located adjacent to an oil refinery need have no fears 
about the availability of fuel. On the other hand, the plant that 
must ship its fuel 500 to 1,000 miles must always have sufficient 
oil storage to take care of interruptions and delays in fuel shipment. 

One of the larger diesel-electric generating plants supplying 
utility service is located in a city having a large oil refinery. 
Everything is favorable for this plant in the matter of oil supply 
since both oil wells and refinery are within 2 miles of the gen- 
erating station. It would appear that here was a plant which did 
not require much bulk oil storage capacity. The facts are that 
this plant maintains a large bulk oil storage capacity in order to 
take advantage of fluctuating refinery prices and keep fuel costs 
low. In this particular case the storage facilities have paid for 
themselves many times over in the savings made possible through 
fuel purchases at low prices. 


Table 23. — Capacity op Vertical Oil Tanks, Gallons 


Diameter, ft 

Nominal height, ft 

12 

17M 

23M 

12 

10,080 

15,120 

20,160 

18 

12,680 

34,020 

44,940 

24 

40,320 

60,480 

80,220 

30 

63,000 

94,080 

125,160 

36 

90,720 

142,800 

180,600 


84. Fuel-oil Storage Construction. — Bulk storage facilities are 
arranged for installation either above or below ground. Tanks 
located aboveground are usually constructed of steel, while 
buried tanks may be either steel or reinforced concrete. The type 
and location of fuel-storage tanks will be influenced both by the 
arrangement of plant equipment and the regulations of the 
National Board of Fire Underwriters.^ 

^ “Containers for Storing and Handling Flammable Liquids/^ National 
Board of Fire Underwriters Pamphlet No. 30, edition of 1939. 
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The A.P.I. has issued standards covering vertical storage tanks, 
z.e., tanks with vertical axes4 A number of standard sizes of 
tanks have been established by the A.P.I., although those in the 



(c3i l-T^piccKl tfibove-grounol, horizontal, fuel-storoige-toink installation 



(b)-bpical below-ground, horizontal, fuel-storage-toink installation 
Fia. 70. — Typical steel fuel-oil tank installations. {Courtesy of Diesel Engine 
Marmfacturing Association and Diesel Publications.) 


table on page 153 are probably the sizes that will be found more 
often in diesel installations. 

While there is no standard for the construction of horizontal 
fuel tanks, the sizes given in Table 24 are considered standard 
with most tank builders. 

^ A.P.I. Specifications for Standard Tanks with Riveted Shells,^' A.P.I. 
Standard No. 12- A, 4th ed., January, 1934. 
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Table 24. — Capacity of Horizontal Oil Tanks, Gallons 


Length of j 
tank, ft ! 

1 

Tank diameter, ft 

8 

10 

17 


10,000 

22 


15,000 

27 

10,000 

20,000 

40 

15,000 

i 


Typical tank assemblies showing steel tanks installed either 
above or below ground are contained in Fig. 70. The construc- 
tion of a typical reinforced-concrete tank of 25,000 gal capacity 
for installation below ground is shown in Fig. 71. In designing 
reinforced-concrete tanks, care should be taken to see that no oil- 
soluble materials are used in expansion joints or leakage of the 
tank will occur. It is advisable to coat the inside of a concrete 
tank with an oil-proofing compound such as Ferrotex or a water- 
glass solution. 

86. Cleaning Fuel Oil. — Fuel oil before being used in a diesel 
engine should be cleaned of impurities such as sediment, foreign 
matter that may clog fuel-injection pumps and nozzles, water, and 
other materials that may be injurious either to the injection sys- 
tem or cylinder. As a safeguard in this respect, engine manu- 
facturers provide each engine with a strainer type of fuel-oil filter 
which is installed in the fuel-oil line ahead of the engine fuel 
pump. 

In addition to the cleaning accomplished by this strainer 
furnished with the engine, it is often found necessary to remove 
water, sludge, and other foreign matter from the fuel oil prior to 
its coming in contact with the engine filter. This oil conditioning 
may be accomplished in several ways depending upon the char- 
acter of the fuel oil used and the type of impurities that must be 
removed. Impurities in the fuel oil will not readily settle out 
when the viscosity of the oil at normal storage temperatures 
exceeds 150 SSU. 

The most common means for cleaning fuel oil is centrifuging. 
If fuel oil contains over 0.08 per cent of impurities, it is considered 
advisable to purify it. Centrifuge equipment will usually reduce 
this impurities content to about 0.04 per cent and will eliminate 
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practically all the water present if the fuel oil is centrifuged at a 
low temperature. It is common practice to heat fuel oil before 
centrifuging; in some instances the temperature of the oil is 
raised to as much as 150 F before passing through the centrifuge. 



Fig. 71. — 25,000-gal reinforeed-concrete undergi'ound fuel-storage tank. 

tesy of Burns t& McDonnell Engineering Company.) 


{Cour- 


Recent experiences indicate that fuel oils have often been 
heated to an excessive temperature prior to the cleaning by centri- 
fuging equipment. It has been found in many instances that 
when oils are heated to a temperature of 150 F before centrifuging 
the water present goes into solution in the oil and is not removed 
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by the cleaning process. Furthermore, it has been found that in 
one instance where heavy residual oils were being cleaned a much 
better cleaning operation was performed by the centrifuge if the 
oil was heated to only 110 F instead of the former practice of 
heating to 150 F before centrifuging. Where crude oils are being 
centrifuged at 70 F, it has been found that a better job of cleaning 



Fig, 72. — Fuel-oil conditioning system employing heating and settling. 

is being done than was possible when the cleaning operation was 
carried out at higher temperatures. 

As the centrifuging temperature is reduced, the capacity of the 
centrifuge is likewise reduced. While this might appear to be a 
disadvantage, the ability to secure clean fuel at a reduced rate is 
far superior to the inability to secure clean fuel oil at a more 
rapid centrifuging rat^. Additional capacity in a centrifuge is a 
relatively inexpensive item, and money invested in a larger 
centrifuge is a wise expenditure. 
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Another method of fuel cleaning utilizing heat and settling 
has been used successfully in one large plant installation. In 
this particular instance, a fuel oil of approximately 11 A.P.I. 
gravity and having a viscosity of approximately 450 SSU at 100 F 
is used. The arrangement of settling and heating facilities 
employed in this installation is shown in Fig. 72. A day storage 
tank of 3,000 gal is mounted above the settling tank of 300 gal 
capacity which is constructed with a hopper bottom and equipped 
with a 2-in. OD copper heating coil. A float-operated valve is 
installed in the oil line connecting the two tanks and maintains a 
constant oil level in the lower or settling tank. The fuel-supply 
line to the engine is taken off near the top of the lower tank as 
shown. The temperature of the oil in the settling tank is main- 
tained at approximately 130 F by means of hot water obtained by 
diverting a portion of the cooling water after it leaves the engine 
through a heating coil in the engine muffler and thence through 
the copper coil in the settling tank. Provisions are made for 
periodical draining of the water and sludge which accumulates 
in the bottom of the settling tank. 

Exhaustive tests in this particular instance indicate that cylin- 
der-liner wear is no greater with this type of fuel cleaning than it 
was when the fuel oil was centrifuged. 

86. Flow of Oil in Pipes. — In the operation of a diesel power 
plant, fuel oil must be transferred from tank car or tank wagon to 
the bulk storage facilities at the plant, from the bulk storage 
tanks to the day tanks for the various engines, and from the day 
tanks to the engines as their needs require. This transportation 
problem requires that suitable pipe, valves, fittings, pumps, and 
other accessories be provided for its accomplishment. The piping 
system must not only operate, it must operate economically, i.e.^ 
the fixed annual charges on the investment in the piping system 
together with the cost of power required to pump the oil through 
the system must be a minimum. 

The full realization of the economies possible in the operation 
of the fuel-handling and distribution system requires that the 
person planning the fuel-handling facilities possess a working 
knowledge of the hydraulic calculations necessary. Several 
methods have been evolved for determining friction losses in 
pipes carrying petroleum products, and while each method of 
calculation possesses certain advantages, the following method is 
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Re = Reynolds number 

Fig, 73 —Chart showing relationship between Reynolds number and friction factor in oil pipe lines. {Courtesy of (HI mid Gas Journal) 
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preferred by the author. It involves a series of calculations which 
are necessary to determine (1) the friction factor for the oil and 
the pipeline under consideration, and (2) the actual pressure 
drop in the pipe line. 

In making these calculations it is necessary to know whether 
the flow of the oil is streamline^ in which each particle of oil moves 
parallel to the axis of the pipe, or whether the flow is turbulent^ 
in which particles of oil move in many directions as they progress 
through the pipe. In changing from streamline to turbulent 
flow, there occurs a region of oscillating flow where it is possible 
for water hammer to occur in the pipe line with the oil flowing 
through it at constant velocity. TUts is known as the region of 
critical velocity. The regions of streamline, oscillating, and tur- 
bulent flow are shown on Fig. 73 and are dependent upon the 
Reynolds number for the flow conditions being considered. 

The straight portion of the curve. Fig. 73, for Feynolds num- 
bers between 100 and 2,000 represents the region of streamline 
flow and applies equally to all types of pipes and tubes. The 
region of oscillating flow occurs for Reynolds numbers between 
2,000 and 3,000, and it is this region which should be avoided in 
determining the relationship of pipe diameter, velocity of flow, 
density, and viscosity of the oil; see Eq. (18). When Reynolds 
numbers exceed 3,000, the oil flow becomes turbulent. The 
upper curve AB represents friction factors for commercial pipe, 
while the curve CD applies to smooth pipes and tubes. 

For purposes of illustration, let us consider that an oil having an 
A.P.I. gravity of 25 and a viscosity of 200 SSU at 60 F is to be 
pumped through a 2-in. nominal diameter line at a rate of 10 gpm. 
It is desired to find the pressure drop per 100 ft of this line when 
standard- weight steel pipe is being used. 

From Table 21, it is seen that an oil of 25 A.P.I. gravity has 

Specific gravity = 0.9042 
Weight per cubic foot == 56.39 lb = p. 

From Table 25, the velocity of 10 gpm flowing through a 2-in. 
standard-weight iron pipe is found to be 0.96 fps. 

The viscosity of the oil in English units is determined by sub- 
stituting known values in Eq, (17) as follows: 

M = 0.000672 X sp. gr. (o.22t — 
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Table 25. — Velocity of Flow through Standard Weight Iron Pipe, 

Fps 


Rate of flow, 
gpm 

Nominal pipe diameter, in. 

1 


2 

2H 

3 

4 

Actual ID 

1.049 

1.610 

2.067 

2.469 

3.068 

4.026 

10 

3.71 

1.58 

0.96 

0.67 

! 

0.43 

0.25 

20 

7.42 

3.15 

1.91 

1-34 

0.87 

0.50 

30 

11.14 

4.73 

2.87 

2.01 

1.30 

0.76 

40 

14.85 

6.30 

3.82 

2.68 

1.74 

I 1.01 

50 

18.56 

7.88 

4.78 

3.35 

2.17 

1.26 

60 

22.28 

9.45 

5.74 

4.02 

2.60 

1.51 

70 

25.99 

11.02 

6.69 

4.69 

3.04 

1.77 

80 

29.70 

12.59 

7.65 

5.36 

3.47 

2.02 

90 

33.41 

14.17 

8.60 

6.03 

3.90 

2.27 


Note. — The valuea giveii in this table can be used to find the velocity of flow at any flow 
rate, l-^or example, while the velocity of 40 gpni flowing in a 2-in. nominal ID pipe is 
3.82 fps, the velocity for 4 gpm in the same pipe would be 0.382 fps. For a flow of 44 gpm 
in the same pipe, the velocity would be 3.82 +• 0.382 = 4.202 fps. 


Where u == viscosity, pounds per square foot per second. 
t — SSU value. 

Substituting 

M = 0.000672 X 0.9042(0.22 X 200 - 
= 0.0262 

It next becomes necessary to determine the Reynolds number 
for the oil under consideration. This factor can be calculated by 
means of the equation 


DUp 


( 18 ) 


where D — diameter of pipe, feet = 0.1723. 
U == velocity, feet per second = 0.96. 
p = weight per cubic foot = 56.39. 
ju — viscosity = 0.0262. 
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Substituting in Eq. (18) we obtain , 

0.1723 X 0.96 X 56.39 
” 0.0262 


356 


From Fig. 73 for a Reynolds number of 356 the friction factor 
F is 0.045. 

The pressure drop in the line can now be calculated by means 
of the equation 


2FLU ^p 

\4^Agt> 


(19) 


where F = 0.045 = friction factor from Fig. 73. 

L — 100 ft = length of pipe line. 
g = 32.2. 

P == pressure drop, pvsi. 

And the other symbols in the equation have values as previously 
given. 

Substituting in Eq. (19), we obtain 


2 X 0.045 X 100 X (0.96)2 x 56.39 
144 X 32.2 X 0.1723 


0.585 psi 


Thus the pressure drop per 100 ft of pipe line is 0.585 psi. The 
pressure drop for any length of line of this diameter operating 
under the conditions set forth can be readily determined by direct 
proportion. 

In the problem just given the oil was considered to have a 
viscosity of 200 SSU at 60 F. Let us consider what would happen 
if this oil were heated to 100 F before pumping. From the curve 
(C) plotted on the Viscosity-temperature Chart, Fig. 69, for this 
particular oil, it is seen that when the temperature increases to 
100 F the viscosity decreases to 70 SSU. Since the temperature 
has changed, the density of the oil has also changed, and it 
becomes necessary to find the specific gravity and weight per 
cubic foot of the oil at the higher temperature. From Fig. 68 it is 
seen that the volume of 25 A.P.I. gravity oil at 100 F is 0.9838 of 
its volume at 60 F. Using this value for the volume and cor- 
recting, the new specific gravity and weight per cubic foot become 

Specific gravity = 0.9838 X 0.9042 = 0.889 

P = 0.9838 X 56.39 = 55.40 lb per cu ft 
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And from Eq. (17) 


M = 0.000672 X 0.889 X (0.22 X 70 - = 0.00766 


while 


Re 


0.1723 X 0.96 X 55.40 


1.195 


From Fig. 73 it is seen that this is practically at the point where 
it can change from streamline to oscillating flow. 


F = 0.008 


and 


P == 


2 X 0.008 X 100 X 0.962 X 55.40 
144 X 32.2 X 0.1723 


0.15 psi 


If the quantity of oil to be pumped is increased to 50 gpm with 
the viscosity remaining at 70 SSU and the temperature at 100 F, 
the only value that has changed is the oil velocity. This increased 
velocity increases the Reynolds number since 

U = 4.78 fps for 50-gpm flow 
„ 0.1723 X 4.78 X 55.40 


From Fig. 73 it is seen that the flow is now turbulent and for rough 
pipe 

F = 0.01 
and 


The foregoing three conditions of flow have been calculated 
for the same oil at different temperatures and different rates of 
flow in order to show the changes necessary in the computations to 
take into account these variations. 

So far no consideration has been given to pipe entrance and 
exit losses nor has any consideration been given to losses through 
valves and fittings. While these losses can generally be neglected 
for lines over 5 miles in length, the length of oil lines under con- 
sideration for diesel plants make it necessary to allow for losses 
through valves, fittings, entrances, and exits. There is no 
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87. Fuel-oil Pumps. — Pumps used in handling oil are prac- 
tically all of the rotary type. Potary pumps are positive-dis- 
placement units suitable for handling thick and viscous liquids 
including petroleum products. They are self-priming owing to 
their positive-displacement action and have been developed to 
cover all pressures up to 1,000 psi, capacities as great as 35,000 gpm, 
viscosities as high as 500,000 SSU, and temperatures up to 850 F. 



B-REAKDOWN 
■ BUSHING 


ROTOR HOUSING 

INLET 


_OUTfeOARD 
END COVER 


IDLER ROTOR 
ROTOR HOUSING 


Pig. 75. — Sectional view through gear-type oil pump. {Courtesy of De Laval 
Steam Turbine Com‘pany.') 


Rotary pumps are designed in numerous ways to effect positive 
displacement; Fig. 74 shows some of the types manufactured. 

As pointed out in the Standards of the Hydraulic Institute, 

Positive-displacement rotary pumps in general are constructed with a 
minimum of clearance between the various parts commensurate with 
manufacturing methods and various operating conditions. The clear- 
ance differs in rotary pumps owing to individual characteristics of the 
different types of design and naturally the volumetric efficiency of the 
pump is affected by these clearances. 

When operating with little or no load on suction or discharge, pumps 
of this type will deliver approximately 100 per cent of their displace- 
ment. When operating under other conditions the delivery will be less 
than the pump displacement being affected by speed, vacuum at suction, 
discharge pressure, viscosity of material, and air or entrained gases in 
material being pumped. 
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The effects of viscosity and discharge pressure on the capacity 
of a rotary pump ai'e shown in Fig. 76 for a unit rated at 50 gpm 
at 100 SSU. This figure also shows the horsepower required 
to drive the pump at various discharge pressures. It will be 
noted that, in this instance, the manufacturer shows no variation 
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G. 76. — Characteristics of gear-typo pumps. 

in quantity of oil of a given viscosity pumped when the discharge 
pressure varied from 0 to 100 psi. 

88. Fuel Metering. — In order to keep account of the oil used in 
the operation of a diesel power plant it is necessary that suitable 
meters be installed. Meters are usually provided in the oil-flow 
line between the bulk and day storage tanks, and in some instances 
between the day tanks and each engine. Meters placed in the 
latter location may give readings that are rather inaccurate 
because of the relatively slow rate of flow between the day tank 
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and the engine. When the day tank is located below the engine 
with a pump forcing the oil from the tank to the engine, a meter 
placed in the line between the pump and the engine will not meter 
the true fuel consumption of the engine. This comes about 
because the pump, operating at a constant pumping rate, is con- 
stantly delivering to the engine more oil than is required by it. 
The excess oil flows back to the day tank through an overflow 
line from the engine fuel-pump reservoir to the day tank. 



Ro»te of flow, g p m 


Fig. 77. — Head loss through oil meters. For other viscosities, head loss - 
where u/s kinematic viscosity in centistokes. {Courtesy of 

80 

TF orthiTigton Pump and Machinery Corporaiion.') 

When the day tank is located above the engine and the oil 
flows by gravity to the fuel pumps on the engine, the rate of flow 
from the ta.nk to the engine is determined by the load on the 
engine. For example a 1,000-hp engine at full load, burning a 
24 A.P.I. gravity oil, will only use 0.88 gpm, while at one-half load 
it will only consume 0.47 gpm. It is difficult to get meters that 
will have any degree of accuracy for such low flows. 

Since meters used for measuring fuel oil operate by measuring 
the volume of oil passing through the meter, and since the volume 
of oil varies considerably with temperature, it is necessary to 
make adjustments for this volume variation in meter readings to 
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obtain an accurate determination of fuel consumption. Some 
fuel meters are provided with means for determining the tempera- 
ture of oil flowing through the meter, as well as means for adjust- 
ing readings to compensate for this tempei'ature variation. Even 
with meters equipped to compensate for temperature variations, 
it is always advisable to check fuel-oil consumption periodically 
against the volume removed from the bulk storage tanks. 

Head loss through one make of fuel-oil meter for several meter 
sizes is given in Fig. 77. Different makes of meters show con- 
siderable variation in the loss through them, and it is always 
advisable to check the head loss for the particular meter used. 
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CHAPTER X 


GAS FUEL 

Hydrocarbons, compounds of hydrogen and carbon, form the 
major heat-producing portions of gas and oil fuels. There are 
many hydrocarbons divided into several series with definite 
relationships among the members of each series. Only four 
hydrocarbons, all of the methane series, are normally found in gas 
fuels. These are 




Boiling temperature at 

Name 

Chemical 

symbol 

atmospheric pressure 



DegC 

DegF 

Methane 

CH 4 

-164.7 

-264.5 

Ethane . . 

C 2 H« 

- 86 

- 122.8 

Propane . 

CsHs 

- 39 

- 38.2 

Butane. . 

C 4 H 10 

1 

33.8 


The boiling temperature of these hydrocarbons is influenced by 
the number of carbon atoms per molecule; as the number of 
carbon atoms increases, the boiling point is raised. 

Gas fuels used in internal-combustion engines may be natural 
gas, propane, butane, sewage gas, or any of several manufactured 
or by-product gases. Of these, natural gas, propane, butane, and 
blast-furnace gas are the most important commercially, although 
sewage gas is being widely used as a power source in the operation 
of sewage-disposal plants. 

89. Natural Gas. — Natural gas is a mixture of hydrocarbons in 
which the predominating constituent is usually methane (CH4) 
with lesser amounts of ethane (C 2 H 6 ), carbon dioxide (CO 2 ), and 
nitrogen (N 2 ). In most natural gas, methane constitutes over 70 
per cent of the volume, and in some instances it may exceed 99 
per cent of the gas volume. Ethane usually constitutes 10 to 
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20 per cent of the volume. Some natural-gas wells have produced 
essentially carbon dioxide (over 97 per cent in one instance), 
while others have been largely nitrogen. The presence of large 
quantities of carbon dioxide or nitrogen in the gas makes it 
unsiiited for fuel. Consequently these natural gases are used 
only for chemical processes. 

Analyses of typical natural-gas samples from widely separated 
fields as well as analyses of gas supplies in four cities are given 
in Table 26. 


Table 26. — Typical Natuhal-cias Analysi^s 


No. 

Source 

Per cent by volume 

Specific 

gravity 

Btu per cu ft 
at 00 1’ and 
30 in. Hg 

1 

Methane 

(CH4) 

Ethane 

(Calio) 

Carbon 

clioxido 

(COa) 

Nitro- 

gorx 

(Na) 

Gross 

Net 

1 

Amarillo, Tex. 

72.94 

18.96 

0.39 

7.71 

0.08 

1080 

978 

2 

Monroe, La. 

94.7 

2.8 

0.2 

2.3 

0.58 

1019 

913 

3 

.■Ashland, Ky. 

75.0 

24.0 

0.0 

1.0 

0.08 

1107 

1079 

4 

Hugoton, Kau. 

68.86 

17.51 

0.10 

13.33 

0.70 

1018 

917 


Columbus, Ohio 

80.4 

18.1 

0.0 

1.5 

0.65 

1147 

1031 

r, 

Birmingham, Ala. 

90.0 

5.0 

0.0 

5.0 

0.60 

1002 

904 

7 

Pittsburgh, Pa. 

83.4 

15.8 

0.0 

0.8 

0.01 

1129 

1021 

8 

Los Angeles, Calif. 

77.5 

16.0 

6.5 

0.0 

0.70 

1073 

971 

9 

Kansas City, Mo. j 

84.1 

6.7 

0.8 

8.4 

0.63 

974 

879 


Note. — -Specific gravity of gas referred to air. 

Numbers 1 to 5 are analyses for typical natural gas from fields as roporte<l in “Eloonoraic 
Utilization of Natural Gas," by Davis, Ilirig, Sabin, and Terry, Trans. A.S.M.M.E., 1931, 
p. 388. 

Numbers 6 to 9 are the average composition of gas served consumers as reported in “ Fuel- 
flue Gases,” p. 20, published by American Gas Association. 


The principal gas fields in the United States are the Appala- 
chian, comprising parts of Tennessee, Kentucky, West Virginia, 
Ohio, Pennsylvania, and New York; the Mid-Continent area in 
Kansas and Oklahoma; and in the states of Indiana, Illinois, 
Arkansas, Louisiana, Texas, Wyoming, and California; but 
gas is also found in many other states as shown by the map in 
Fig. 78. This wide distribution of natural gas throughout a 
considerable portion of the country, together with construction of 
gas pipe lines from the major producing fields to most of the large 
metropolitan centers, has resulted in widespread use of natural 
gas for both residential and industrial service. 





■Prindpsl natoal gas fields in the United States. 
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90. Gas Temperatures in Pipe Lines. — Occasionally it is 
desirable to know the temperature at which gas is flowing in a 
pipe line. At Kansas City, Mo., the average gas temperature is 
58 F and ranges from 45 to 85 F. In northern J.ouisiana the 
temperatures will range from 65 to 100 F at the point of delivery. 
Gas temperatures will be influenced by the ground t<^mp(‘rature at 
the point below the ground surface where the line is laid probably 
somewhat in the same manner as the temperature of oil being 
pumped through a pipe line varies with ground temperature. 

91. Propane and Butane. — Propane and butane arc marketcid 
today in liquid form under pressure for both heating and power 
purposes. The original commercial source for these gases was the 
natural gasoline plant designed to extract gasoline from natural 
gas. In the process of removing the gasoline, propane and butane 
were also removed from the gas. The disposal of those was a 
considerable problem in the earlier days of natural gasoline pro- 
duction, and they were usually burned as waste products. When 
a demand arose in the United States for liqxieficd x>ctroleum gas, 
these two gases fitted the requirements admirably. 

Demand for both propane and butane in liquid form became so 
great that the natural gasoline became the by-product in the 
recovery plant. Propane and butane are also extracted in 
quantity from gases produced in petroleum-refinery operations 
instead of being burned with other refuse fuels in the refining 
process. 

Typical analyses of commercial propane and butane are con- 
tained in Table 27, 


Table 27. — ^Typical Analyses of Propane and Butane® 


Name 

Constituents of gas, 
volume 

per cent by 

Specific 
gravity 
air = 
1.00 

Btu per ou ft 
at 60 F and 
30 in. Hg 

CsHb 

CsHs 

CsHs 

C4H8 

C4H10 

Gross 

Net 

Propane from natural gas . . . 

2.2 


97.3 


0.5 

1.56 

2568 

2358 

Propane from refinery gas.. . 

2.0 

24.3 

72.9 


0.8 

1.77 

2504 

2316 

Butane from natural gas .... 



6.0 


94. O'* 

2.04 

3210 

2961 

Butane from refinery gas .... 


1 

5.0 

28.3 

66. 7« 

2.00 

3184 

2935 


“ Table prepared from “Fuel-flue Gases” by American Gas Association. 
* 23.3 per cent isobutane, 70.7 per cent n-butane. 

16.5 per cent isobutane, 50.2 per cent n-butane. 
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The physical properties of commercial propane and butane 
shown in Table 28 are average values. 


Table 28. — Physical Propebties of Commercial Propan-e and Butane 


Physical properties 
Vapor pressure, psi gauge; 

At 70 F 

At 100 F 

At 130 F 

Specific gravity of liquid (60/60 F) 

Initial boiling point at 14.7 psi abs., degree Fahrenheit. . 

Weight per gallon liquid at 60 F, pounds 

Cubic feet of gas at 60 F, 30 in. Hg per gal of liquid at 60 F 
Specific heat of gas, Btu per lb per deg F at 60 F (cp) .... 
Latent heat of vaporization at boiling point: 

I3tu per pound 

Btu per gallon 


Propane 

Butane 

124 

31 

192 

59 

286 

97 

0.509 

0.582 

-51 

15 

4.24 

4.84 

36.28 

31.46 

0.404 

0.382 

185 

167 

785 

808 


92. Sewage Gas. — Sewage gas, a product resulting from the 
decomposition of human, animal, and industrial waste, has 
become of some importance as a power source for the operation 
of sewage-disposal plants. The major portion of sewage gas 
consists of methane (CH4), ranging from 60 to as high as 80 per 
cent, and carbon dioxide (CO 2 ), varying from 14 to 35 per cent. 
Other gases, such as hydrogen, oxygen, nitrogen, carbon monoxide 
(CO), or hydrogen sulfide (H2S), may be present in varying 
amounts. Considerable variation exists in the composition of 
sewage gas produced by various plants as well as by any single 
plant. This variation in composition is plainly apparent from 
the analyses contained in Table 29. In general, sewage gas can 
be considered to consist of two-thirds methane (CH4) and one- 
third carbon dioxide (CO 2 ). 

Production of sewage gas is extremely variable and is dependent 
upon the temperature at which sewage sludge is decomposed, the 
density of the sludge, and the character of the sludge. Gas 
production may vary from over 300 per cent of the average daily 
production to less than 10 per cent of the average where sludge- 
digestion tanks are not heated. Where sludge-digestion tanks 
are heated, however, the maximum rate of gas production may be 
only approximately three times the minimum production. 
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Table 29. — Composition of Typical Sew ace Gases 


Municipality 


Per cent by volume" 


Btu per (ni ft 
heating value at 
60 F and 
30 in. Hg 



CH 4 

1 H, 1 

6 

0 

0 

G 

1 O 2 1 

Na 

Gross i 

Net 

Imhoff tanks: 








Chicago, 111., Calumet 








Plant 

76. 6| 

7, 

0.5 

8.2 

776 

699 

Dayton, Ohio 

76.6 


0 

0.4 

9.0 

776 

699 

Decatur, 111 

69.01 

8 i 

0.1 

14.1 

699 

630 

Stuttgart, Germany 

75.5 

4.7| 

0 ! 


4 . 7i 780 

702 

Separate sludge-digestion 








tanks : 








Antigo, Wis 

62.0 

1 2.6| 

4 

0.6 

3.4 

636 

573 

Aurora, 111 

51.8 


2.1 3 

0.4 

13.4 

532 

480 

Baltimore, Md 

70.5 


5 

0.2 

2.8 

714 

644 

Birmingham, England. . . 

77.0 


1 

0.4 

3.2 

780 

703 

Elyria, Ohio 

69.4 


0 

0.5 


703 

()34 

Grand Papids, Mich 

63.5 

2 . 4 I 

5 

0.14| 

3.4 

651 

587 

Halle, Germany 

72.9 


0 

0.6 

1.6 

739 

666 

Milwaukee, Wis 

67.5 


0.6 0 

0.2 

1.7 

686 

618 

Peoria, 111 

67,5 




4.7 

684 

616 

Plainfield, N. J 

65.8 


30. 


3,6 

667 

601 

Springfield, 111 

64.5 

1.7! 

31. 


3.2 

660 

594 

Toronto, Ontario, North 








Toronto Plant 

58.5 

I 3.7; 

28.0 1.8 

8.0 

605 

544 


® Gas analysis from. “American Sewerage Practice” by Metcalf and Eddy, voL HI, Dis- 
posal of Sewage, 3d ed,, p. 368, McGraw-Hill Book Company, Inc., New York, 1935. 
Heating values of gases computed by means of the following data: 


Gas 

Btu gross 

Btu net 

Methane (CH 4 ) 

1013.2 

913.1 

Hydrogen (Ha) 

325.0 

275.0 

Carbon monoxide (CO) 

321.8 

321.8' 


In general, gas production will average 0.8 cu ft per person 
per day. Where household and hotel garbage is ground and 
dumped into the sewers or where strong industrial wastes are 
discharged into the sewers, the gas production may average over 
2 cu ft per capita per day. At Springfield, 111., it was determined 
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that the wastes from 480 people would develop 1 bhp continu- 
ously in a gas engine. This community of 72,000 population has 
a 150-hp gas engine operating constantly at its sewage plant with 
sewage gas for fuel. The production of sewage gas by the dis- 
posal plant at Toledo, Ohio, for a 5-year period was as follows: 


Year 

Sewage pumped, 
million gal 

Total gas 
produced, cu ft 

1,000 cu ft per 
million gal sewage 

1933 

9,357.7 

67,700 

7.2 

1934 

8,, 465. 2 

91,300 

10.8 

1935 

8,416.2 

115,200 

13.6 

1936 

9,513.3 

110,400 

10.8 

1937 

10,927.0 

92,600 

■ 8.5 


93. Cleaning Sewage Gas. — One of the difficulties encountered 
in the use of sewage gas is corrosion resulting from hydrogen 
syilfide in the gas. Small quantities of sewage sludge also find 
their way into the gas and form objectionable deposits in engines 
and gas piping. In order to use sewage gas effectively it is 
necessary to clean it by the use of suitable traps for removing 
suspended matter and scrubbers for removing hydrogen sulfide. 


Table 30. — Solubility op Gases in Water® 


Water temperature 

Carbon 
dioxide (CO 2 ) 

Hydrogen 
sulfide (H 2 S) 

1 

Methane 

(CHO 

Deg C 

Deg F 

0 

32 1 

1.797 1 

4,371 

0.05473 

5 

41 

1.450 

3.965 

0.04889 

10 

50 

1.185 

3.686 

0.04367 

15 

59 i 

1.002 

3.233 

0.03903 

20 

68 

0.901 

2.905 

0.03499 

25 

77 

1 

0.772 

2.604 

0.02542 


« “Smithsonian Physical Tables.” 8th rev. ed., 1st reprint, p. 221. 

Table gives volume of gas at 0 O and 760 mm pressure which will be absorbed by unit 
volume of water at atmospheric pressure and temperature. 


Consideration has been given in some sewage plants to the 
possibility of eliminating the carbon dioxide from the sewage gas, 
thereby leaving practically pure methane. The possibilities for 
such purification are good when consideration is given to the rela- 
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tive solubility of methane, carbon dioxide, and hydrogen sulfide 
in water as shown in Table 30. At a temperature of 68 F, water 
will absorb over 90 per cent of its own volume in carbon dioxide, 
290 per cent of its volume in hydrogen sulfide, and only 3.5 per 
cent of its volume in methane. 

By passing sewage gas through a water bath of the correct 
temperature and under suitable conditions, it is possible to 
eliminate largely the carbon dioxide and hydrogen sulfide and 
leave a gas that approaches the characteristics of natural gas. 

Where carbon dioxide and hydrogen sulfide are to be removed 
from large quantities of sewage gas, the Girbotol process^ offers 
an economical and effective means for effecting their removal. 
It is a simple cyclic process for scrubbing and recovering acid 
gases from gaseous mixtures. Gases are scrubbed with solutions 
of organic bases (amines) to remove acid gases such as hydrogen 
sulfide and carbon dioxide. The absorbed acid gases are then 
separated from the amine solutions by heating which reactivates 
the solutions for further use. 

94. Other Gas Fuels. — Blast-furnace gas, producer gas, and 
coal gas have been used for fuel in gas engines. Typical analyses 
of these fuels which have been used in engines are contained in 
Table 31. 

95. General Gas Laws. — The volume of a given weight of gas 
varies with changes in pressure and temperature. In order to 
make proper corrections for this variation, it is necessary to know 
the laws under which it takes place. 

Boyle found by experiment that at a constant temperature the 
pressure of a given weight of gas was inversely proportional to its 
volume. Boyle's law can be expressed in the form of a mathe- 
matical equation, as follows: 


or 


P2 Vl 

PiFi = P 2 V 2 — a constant 


( 20 ) 


where pi = absolute pressure of unit weight of gas of volume Vi. 
p 2 = absolute pressure of unit weight of gas of volume F 2 . 

^ Stokks, B. D., and R. M. Reed, The Application of the Girbotol Process 
to Industry, Trans. A.S.M.E., vol. 64, No. 4, p. 299, May, 1942. 
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Cubic 
foot ail- 
required 
per cubic 
foot gas 

5.50 

4.65 

5.28 

2.28 

4.85 

4.25 

1.08 

0.70 

Btu per 
cubic foot at 
60 F 30 in. 
saturated 
with H 2 O 

Low 

560 

476 

538 

285 

529 

461 

128 

91.6 

High 

^COOOOOCOCOCO 
CV3COOT-lt.-T— IC005 

CO LO CO 00 10 10 1—1 

Nitrogen 

(N 2 ), 
per cent 

2.3 

4.2 

3.7 

1.3 

1.8 

3.4 
58.8 
57.6 

Oxygen 
(Q 2 ), 
per cent 

. 10 CO 

• 0 CO - • • • • 

Hydrogen 
(H 2 ), 
per cent 

47.0 

57.4 
47.9 
51.8 
35.2 

53.5 

10.5 
3.2 

Carbon 
dioxide 
(CO,), 
per cent 

1.1 

1.4 
2.6 

3.5 

1.5 
2.8 
5.7 

13.0 

Carbon 
monoxide 
(CO), 
per cent 

9.0 

5.1 

6.1 
43.4 
33.9 
10.6 
22.0 
26.2 

M3 ^ 

0 S 

6.6 

2.9 

5.2 

12.8 

2.7 

0.4 

Methane 
(CH 4 ), 
per cent 

34.0 
28.5 
33.9 

14.8 

27.0 
2.6 

Gas 

Coal gas 

Coke-oven gas 

Coke-oven gas 

Blue water gas 

Carbureted water gas. . 

Oil gas 

Producer gas 

Blast-furnace gas 





ft 


i 

o 

•s 


w 
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Charles found by experiment that if the volume of unit weight 
of gas remains constant, the 'pressure of the gas is proportional to 
the absolute temperature, Charles’s law can likewise be expressed 
in mathematical form as follows: 

^ = id 

P2 Ti 


where Tx ~ absolute temperature of unit weight of gas at pressure 
Pi- 

T 2 == absolute temperature of unit weight of gas at pressure 
P2- 

Gay-Lussac found that for a given weight of gas maintained at 
constant pressure, the volume is proportional to the absolute tempera- 
ture, In terms of a mathematical equation, this law becomes 


Yi =.11 

F2 


( 21 ) 


When pressure, temperature, and volume of a given weight of 
gas all vary, an equation can be developed to take into account all 
variables. If we consider that 

V 1 = volume of unit weight of gas at absolute temperature Tx 
and absolute pressure px. 

F 2 = volume of unit weight of gas at absolute temperature 
and absolute pressure po- 

y' = volume of unit weight of gas at absolute temperature Tx 
and absolute pressure p 2 . 

then from Eq. (20) for Boyle’s law at constant temperature we 
can write 

Vx P 2 

and 

V' = (22) 

P2 ^ ^ 

From Eq. (21) for Gay-Lussac’s law at constant pressure we can 
write 

II = 

V2 T2 
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and 


V' 


(23) 


Equations (22) and (23) are both values for F', so we can set them 
equal to each other and obtain 

V' = 

P2 T 2 


or 


_ V2V2 
T2 


(24) 


Equation (24) is the mathematical expression for the general 
gas law. Examination of this equation shows that for any set of 
conditions 


pF ^ 
T 


= constant 


Standard gas conditions to which fuel-gas consumption of 
internal-combustion engines are referred are dry gas at a pressure 

Table 32. — Conversion from Inches Mercury to Pounds per Square 

Inch® 

Inches Hg Pressure, psia 


1 

0.491 

2 

0.982 

3 

1.474 

4 

1.965 

5 

2.456 

6 

2.947 

7 

3.438 

8 

3.929 

9 

4.421 

10 

4.912 

20 

9.823 

30 

14.735 


« Based upon “Smithsonian Physical Tables,” 8th rev. ed., 1st reprint, p. 180. 

of 29.92 in. Hg (at 32 F) and a temperature of 68 F (20 C). 
The general gas law, Eq. (24), forms the basis for converting total 
consumed gas volume at the pressure and temperature existing 
during the volume measurements to standard gas conditions. 
The equation for this conversion is as follows : 


F. = Vrr. 


iPm - Pn) ! r 527.6 1 

29.92 J Itrr. + 459.6J 
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TaBIjB 33 . COMBIJS 


Heat of combustion® 


Substance 

Molee- T , 

1 Ijd p6r 

Formula ular 

weight® 

Cu ft 
per Ib^ 

Sp. gr. 
air = 
1.000^' 

Btu per cu ft 





Gross 1 Net<* 


Carbon 

G 

12.01 






Hydrogen 

Hs 

2.016 

10.005327 1187.723 | 

0.06959 

325.0 

275.0 

Oxygen 

Oo 

32.000 

0.08461 

11.819 

1 . 1053 



Nitrogen (atmos.) 

N2 

28.016 

0.07439® 

13.443® 

0.9718® 



Carbon monoxide 

CO 

28.01 

0.07404 

13.506 

0.9672 

821.8 

321.8 

Carbon dioxide 

C 02 

44.01 

0.1170 

8.548 

1.5282 



Paraffin series, CnH 2 n+ 2 ; 








Methane 

CH 4 

16.041 

0.04243 

23.565 

0.5543 

1013.2 

913.1 

Ethane 

C 2 H 6 

30.067 

0.08029® 

12.455® 

1.04882® 

1792 

1641 

Propane 

CsHs 

44.092 

0.1196® 

8.365® 

1 . 5617® 

2590 

2385 

n-Butane 

C 4 H 10 

58.118 

0.1582® 

6.321® 

2.06654® 

3370 

3113 

Isobutane 

C4Hio 

58.118 

0.1582® 

6.321® 

2.06654® 

3363 

3105 

n-Pentane 

C 6 H 12 

72.144 

0.1904® 

5.252® 

2.4872® 

4016 

3709 

Isopentane 

CsHia 

72.144 

0.1904® 

5.252® 

2.4872® 

4008 

3716 

Neopentane 

C 6 H 12 

72.144 

0.1904® 

5.252® 

2.4872® 

3993 

3693 

n-Hexane 



0.2274® 

4.398® 

.9704® 

4762 

4412 

Olefin series, CnHsn: 








Ethylene 

C 2 H 4 

28.051 

0.07456 

13.412 

0.9740 

1613.8 

1513.2 

Propylene 

CsHe 

42.077 

0.1110® 

9.007® 

1.4504® 

2336 

2186 

n-Butene (butylene) . . . 

C 4 H 8 

56.102 

0.1480® 

6.756® 

1.9336® 

3084 

2885 

Isobutene 

C 4 H 8 

56.102 

0.1480® 

6.756® 

1 . 9336® 


2869 

n-Pentene 

CsHio 

70.128 

0.1852® 

5.400® 

2.4190® 


3586 

Aromatic series, CnHan-j; 









CsHa 

78.107 

0.2060® 

4.852® 

2.6920® 

3751 

3601 

Toluene. . 

CtHs 

92.132 

0.2431® 

4.113® 

3.1760® 

4484 

4284 

Xylene. . , 

CsHio 

106.158 

0.2803® 

3.567® 

1 3. 6618® 



Acetylene 

C 2 H 2 


0.06971 

14.344 

0.9107 

1499 

1448 

Naphthalene 

CioHs 

128.162 

0.3384® 

2.955® 4.4208® 

5854/ 

5654/ 

Methyl alcohol. . 

CH 3 OH 

32.041 

0.0846® 

11.820® 

1 . 1052® 

867.9 

768.0 

Ethyl alcohol . . . 

C 2 H 5 OH 

46.067 

0.1216® 

8.221® 

1.5890® 

1600.3 

1450.5 

Ammonia 

NHa 

17,031 

i0.0466» 

21.914® 0.5961® 

441.1 

365.1 

Sulfur.. 


32.06 






Hydrogen sulfide. 

H 2 S 

34.076 

0.09109® 

10.979® 

1.1898® 

647 


Sulfur dioxide 

SO 2 

64.06 

0.1733 

5.770 

.264 



Water vapor 

H 2 O 

18.016 

10.04758® 

21.017® 

10.6215® 



.Mr 


28.9 

0.07655 

13.063 

1.0000 



Table from “Fud-flue Gases,’ 

’ American Gas Association, New York, 1940. 




All gas volumes corrected to 60 F and 30 in. Hg dry. For gases saturated with water at 60 F, 1.73 per cent of 
the Btu value must be deducted. 


« Calculated from atomic weights given in Jour. Am, Chem, Soc., February, 1937. 

^ Densities calculated from values given in grams per liter at 0 C and 760 mm in the International Critical 
Tables allowing for the known deviations from the gas laws. Where the coefficient of expansion was not avail- 
able, the assumed value was taken as 0.0037 per degree C- Compare this with 0.003662 which is the coefficient 
for a perfect gas. Where no densities were available the volume of the mol was taken as 22.4115 liters. 

® Converted to mean Btu per pound ( Jfso of the heat per pound of water from 32 to 212 F) from data by 
Frederick D. Rossini, National Bureau of Standards, letter of Apr. 10, 1937, except as noted. 
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TioN Constants 


Heat of 
combustion'’ . 


Cu ft per cu ft of combustible 


Lb per lb of combustible Experi- 

mental 


,, Required for , , Required for ^ beat of 

Btu per lb combustion eombuntion producte com- 

bustion 
I per cent 

Net'^ 0-2 I N -2 1 Air COalHaOl Na N 2 Air 1 CO 2 H 2 O 


14,093» 14,d93‘' |2.664l 8.863 11.527l3.664| 0.012 

61,100 51,623 0.5 2.382 1.0 1.88217.937126.407134.3441 8. 937126. 407| 0.015 

4347 4347 0.5 1.882 2.382 1.0| 1.8S2|0.571 1.900| 2.471 1.571 l.QO0\ 0.046 


21,644 20,295 
21,041 19,691 
20,840 19,496 
20,730 19,382 
20,712 19,363 


2.0 7.528 .528 

3.5 13.176|16.675 

5.0 18.821 23.821 

6.5 24.467 30.967 

6.5 24.467 30.967 

8.0 30.114 38.114 
8.0 30.114 38.114 
8.0 130.114 38.114 

9.5 135.760 45.260! 


2.0 7.628 3 

3.0 13.175 3 

4.0 18.821 3 ' 

5.0 24.467 3 ; 

5.0 24.467 3 . 

6.0 30.114 3 , 

6.0 30.114 3 , 

6.0 30.114 3 i 

7.0 35.760 3 i 


275 17,265 2. 
!,394ll6.119 2. 
1.074115 703 2. 
..90S 15 487 3. 
.908 15 487 3. 
.805 15 353 3. 
.805 15 353 3. 
,.805 16 353 3. 
.738 15,26613. 


i.275l 0.033 
!.394 0.030 
r.074 0.023 
.908 0.022 
.908 0.019 
.805 0.026 
.806 0.071 
,.806 0.11 
.738 0.05 


293 14.293 2.0 11.293 3.422 11.385 14.807 3.138 1.286 11.385 0.021 

939 21.439 3.0 16.939 3.422 11.385 14.807 3.138 1.285 11.385 0.031 

586 28.586 4.0 22.585 3.422 11.385 14.807 3.138 1.285 11.385 0.031 

686 28.585 4.0 22.585 3.422 11.385 14.807 3.138 1.285 11.385 0.031 

232 35.732 5.0128.23213.422 11.385 14.807 3.13811.285 11.385| 0.037 


18,210 

17,480 

7.5 

28.232 

35.732 3.0 28.232 3.073 

10.224 

13.297 3.381 0.692 10.224 

0.12 

18,440 

17,620 

9.0 

33.878 

42.8781 4.0 33.878 3.126 

10.401 

13.527 3.344 0.782 10.401 

0.21 

18,650 

17,760 

110.5 

39.524 

60.024! 6.0 39.524 3.165 

10.530 

13.695 3.317 0.849 10.630| 

0.36 

21,600 

20,776 

2.5 

9.4111 

111.911 2.0| 1.0| 9. 41ll3.073|l0.224|l3.297|3.38l|0. 692 10.224 

0.16 

17,298/ 

16,708/ 

12.0 

|46.170|57.170|10.0| 4.0|45. 170|2.996l 

9. 968| 12. 96413.43410. 562 


/ 

10,259 

9078 

1.5 

6.646[ 

7.1461 2 . 0 I 6.646|l.498| 

4.984 

6.4821 1.37411. 126 

4.984 

0.027 

13,161 

11,929 

3.0 

11. 293 j 

14.293 3. 0|11. 29312. 0841 

6. 9341 

9.018 1.922|l.l70| 

6.934 

0.030 


8001 

0.75 

1 2. 

3.6731 1.5 3.32311.409' 

4.68S| 

6.0971 11.5871 

5.511 

0.088 






3.2871 

4.2S5fl. 

J.287 

0.071 

7100 

6545 

1.5 

5.646j 

7.146 l.Oj 5.646|1.409 


6.097|l.880|0.529 


0.30 


** Deduction from gross to net heating value determined by deducting 18,919 Btu per pound mol of water in 
the products of combustion. Osborne, Stimson, and Ginnings, Mech. Eng., p. 163, March, 1936, and Osborne, 
Stimson, and Fiock, Bur. Standards Research Paper 209, 

® Denotes that either the density or the coefficient of expansion has been assumed. Some of the materials 
cannot exist as gases at 60 F and 30 in. Hg pressure, in which case the values are theoretical ones given for ease 
of calculation of gas problems. Under the actual concentrations in which these materials are present their par- 
tial pressure is low enough to keep them as gases. 
f From “ Combustion,” 3d ed. 

0 Bur. Standards, Research Paper 1141. 
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where — net volume of gas supplied corrected to standard gas 
conditions. 

Vm ~ total volume of gas measured at pm and 
Pm ~ absolute pressure of gas at meter, inches Hg. 

Pn — water vapor pressure determined from standard 
vapor-pressure chart, inches Hg. 
tm — temperature of gas at meter (F). 

96. Heating Value. — The heating value of gas is usually deter- 
mined experimentally in a calorimeter and is expressed as Btu per 
cubic foot of gas at a specific pressure and temperature. In this 
experimental determination of the heating value, the hydrogen is 
burned to water which in turn is condensed to room temperature. 
When the gas is burned in an engine cylinder, the water formed in 
the combustion process is not condensed but leaves through the 
exhaust at the exhaust temperature as a gas or vapor. Thus the 
heat of vaporization of the water formed cannot be recovered as 
useful work in the engine. This has created a dual classification 
of heating values. The experimentally determined value with 
the water condensed to a liquid is called the gross heat content^ or 
high-heat value, while this minus the latent heat of vaporization 
of the water formed from the hydrogen content of the fuel is 
called the net, or low-heat, value. 

The difference between the gross and net heating values, or 
hydrogen loss as it is often referred to in combustion calcula- 
tions, for the more common constituents of natural gases, is as 
follows: 


Gas 


Per cent total heat content 



Gross 

Net 

Hydrogen loss 

Methane (CH4) . . 

100 

90.12 

9.88 

Ethane (CaHs) . . . 

100 

91.57 

8.43 

Propane (CsHg) . . 

100 

92.08 

7.92 

n-Butane (C4Hio) 

100 

92.37 

7.63 


The heating values, both gross and net, can be calculated read- 
ily from a knowledge of the chenodcal composition of the gas and 
with the aid of the data on heat of combustion in Table 33. Con- 
sider a natural gas having a composition as follows: 
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Per Cent of 


Volume 

Methane - 74 

Ethane Ig 

Carbon dioxide 1 

Nitrogen 7 

1 ^ 


At 60 F and 30 in. Hg this gas in a dry condition would have a 
gross heating value as follows: 

Btu per Cu Ft 

Methane 0.74 X 1,013.2 = 750 

Ethane 0.18 X 1,792 = 323 

Gross heating value = 1,073 

and a net heating value calculated as follows: 

Btu per Cu Ft 

Methane 0.74 X 913.1 = 676 

Ethane 0.18 X 1641 = 295 

Net heating value = 971 


In the illustrations given, the carbon dioxide and rdtrogen 
add nothing in the combustion process, and they can, therefore, 
be ignored insofar as determining the heating value of the fuel is 
concerned. 

97. Flow of Gas in Pipes. — Many equations have been devel- 
oped for the flow of gas in pipes, some dealing only with gas flow 
at low pressures where only a slight difference of pressure exists 
between the points of origin and delivery of the gas, while others 
deal with gas when a considerable pressure drop occurs between 
origin and delivery points: The equation developed by Wey- 
mouth is used very extensively for natural-gas work and is as 
follows: 


Q = 18.06 


^ I 

Po\ 


(Pi — 

GTL 


where Q 
d 
L 
G 
To 


quantity of gas flow, cubic feet per hour at Topo. 

internal diameter of pipe, inches. 

length of line, miles. 

specific gravity of gas referred to air. 

absolute temperature, deg F at which gas measured. 
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T — absolute temperature, deg F at which gas is flowing in 
pipe. 

po = absolute pressure, psi at which gas measured. 

Pi = absolute pressure, psi at point of origin. 
p 2 = absolute pressure, psi at point of delivery. 

Figure 79 gives the head loss of gas flowing in various sizes 
of pipes with the specific gravity of the gas taken as 0.65. For 



Fig. 79. — Pressure loss in gas lines for gas having a specific gravity of 0.65. 

any other specific gravity, a correction factor 


where K = correction coef&cient. 

G = actual specific gravity of gas. 
can be applied to results obtained from this chart. Thus for 
specific gravities less than 0.65 the head loss for a given flow 
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of gas will be less than the values shown on the chart, while for 
specific gravities greater than 0.65, the head loss will be greater. 
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CHAPTER XI 
LUBRICATION 

We are accustomed to thinking of lubricating oil as that prod- 
uct derived from petroleum which permits one surface to slide 
over another with less friction and wearing of the two surfaces 
than if it were not used. The problem of correct lubrication of 
internal-combustion engines, however, is extremely complex, 
involving the selection of the proper lubricant for the particular 
engine and the conditioning of that oil in order to obtain the 
maximum service life from it. 

98. Lubrication Requirements. — The lubrication of an internal- 
combustion engine is not to be compared with that of anything 
else mechanical. Although the internal-combustion engine com- 
bines the forms and characteristics of many other mechanical 
devices, its needs are entirely its own, and these needs dictate the 
lubrication requirements of the engine. As has been pointed out 
so clearly, ^ 

It is the only device conceived by man that discharges the ashes” 
of its combustion into its lubricant, yet depends upon the resulting 
mixture for both lubrication and cooling; that surrounds the heat of 
combustion with a film of oil which, in the presence of this heat, must 
lubricate, cool, seal, and scavenge, yet resist complete destruction; that 
inhales abrasives, deposits them in the oil, creating an abrasive nciixture, 
which when reduced to the thin film of lubrication, damages the parts 
the oil is intended to protect ; that confines within its own compact mass 
both the source of its power and the cause of its eventual destruction. 

Progress in the design and fabrication of internal-combustion 
engines involving higher rotative speeds, higher piston speeds, and 
increased mean effective pressures has increased the problemscon- 
fronting those producing lubricants for this service. In fact the 

^ “The Fundamentals of Automotive Engine Lubrication,” vol. 1, No, 5, 
p. 6, Shell 0x1 Company, Inc. 
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successful operation of any internal-combustion engine is so greatly 
influenced by correct lubrication that the lubricant can be right- 
fully called the “life blood'’ of the engine. 

Some of the duties imposed upon the lubricants used in internal- 
combustion engines are as follows: 

1. Prevent wear of cylinders, rings, pistons, and bearings. 

2. Prevent ring sticking. 

3. Not corrode bearing metals. 

4. Seal rings against blow by. 

5. Not carbonize on underside of pistons. 

6. Keep bearings and pistons cool. 

7. Keep engine interior and pistons clean. 

8. Not deposit sludge on oil filter or in oil lines or oil passages. 

9. Form no deposits in oil cooler- 

10. Form no varnish on exposed metal surfaces. 

11. Form no carbon in exhaust ports. 

12. Lubricate air compressors, gears, chains, and other engine 
mechanisms. 

13. Separate readily from water. 

14. Provide easy starting at low temperatures. 

15. Lubricate for long periods without changing. 

16. Recondition properly. 

17. Maintain low oil consumption. 

In addition, the operator frequently expects that the lubri- 
cating oil will alleviate or entirely prevent ring scuffing, pis- 
ton seizure, cylinder scoring, bearing cracking, contamination, 
and valve sticking as well as fuel dilution resulting from poor 
combustion. 

No oil can fulfill all these requirements, and fortunately no 
single installation requires that the lubricant perform all these 
duties. As a consequence, it is necessary to select that lubricant 
which will best meet the conditions presented by the particular 
installation in question. 

99. Quality of Lubrication. — ^While the plant operator buys 
lubricating oil for an internal-combustion engine, what he is really 
buying is function performed by that oil which we term lubrica- 
tion. As a result, it is necessary to evaluate the lubricant used in 
terms of its ability to perform the services for which it is intended. 
If under a particular set of service conditions a given volume of 
oil or grease gives correct lubrication for a longer time than others, 
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its quality is, for those conditions, better than the others. After 
all, this is the kind of quality a user wants. 

Apart from the lubricating ability of an oil, but vitally neces- 
sary to obtaining the greatest functional use of the lubricant, 
is the correct application of that oil. The best oil obtainable is 
of no use unless it is applied correctly. 

100. Source of Lubricating Oils.^^^ — ^Lubricating oils are derived 
from the portions of petroleum, usually called distilled and 
residual lubricating oil fractions, remaining after the gasoline, 
kerosene, and light fuel oils have been removed. In the making 
of lubricating oils, the wax or petrolatum is first removed, after 
which the lubricating oil fractions are either refined with chemi- 
cals, or the undesirable elements are removed with solvents. 
Pollowing this the lubricating oil is filtered through fuller's earth. 

Crude petroleums in the United States are commonly described 
as being paraffin-base oils, naphthene-base oils, or mixed-base oils, 
the latter displaying properties intermediate between the other 
two. Oils from the eastern United States are paraffin-base oils; 
those from the Gulf Coast and California areas are naphthene- 
base oils; and the mid-continent fields produce the mixed-base 
oils. In reality the division of crudes into three grades is incom- 
plete, but this classification has been used extensively by the 
petroleum industry in the United States and will probably con- 
tinue to be used for general reference purposes. In reality, all 
crude oils are complex mixtures of various series of hydrocarbons, 
and these terms should not be taken to mean that any crude 
oil consists wholly or even predominately of one family of 
hydrocarbons. 

Lubricating oils are often classified in accordance with the 
base crude used in their compounding. Thus lubricants made 
from eastern crudes are spoken of as paraffin-base lubricating oils. 
Likewise, lubricants made from Gulf Coast and California crudes 
are termed naphthene-base lubricating oilSj and those compounded 
from mid-continent crudes are termed mixed-base lubricating oils. 

In the early development of lubricating-oil refining processes, 
it was found that the best lubricating oils were produced from the 
paraffin-base crudes. The advent of solvent refining, however, 


^ For a more extensive discussion see Glower, James I., '‘^Lubricants and 
Lubrication,” p. 21, McGraw-Hill Book Company, Inc., New York, 1939. 
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placed methods in the hands of the oil refiner for making from 
naphthene-base and mixed-base crudes lubricating oils that were 
as good as the lubricants produced from the eastern oils. 

Straight mineral oils are those lubricants produced by the 
acid-refining process. Solvent-refined oils , usually contain addi- 
tives, since it is often necessary to provide an oxidization inhibitor 
in such lubricants. 

101. Selection of Lubricating Oil. — The refining and com- 
pounding technique now employed permits the refiner to produce 
the many types of lubricating oils required for an extremely wide 
variety of lubricating requirements. When it is realized that 
lubricants derived from crude petroleum are used in wrist watches 
no larger than a quarter as well as in the gear trains of heavy 
machinery where extremely high pressures are encountered, the 
magnitude of the problem confronting the lubricant manufac- 
turer is better appreciated. This wide divergence of require- 
ments, in both pressure and temperature under which the oils 
must operate successfully, necessitates the production of many 
special lubricants suitable only in specific operations. With so 
many types of lubricants available, it is necessary that the engine 
operator exercise special care to select the correct lubricants for 
his engines. The test of the suitability of any oil is the perform- 
ance of that lubricant under actual operating conditions. 

It is impossible for the plant operator to be familiar with the 
advantages and limitations of each individual lubricant produced. 
He must rely to a large degree upon the services of lubrication 
specialists to guide him in the selection of suitable lubricating 
oils. While the services of the lubrication specialist should be 
utilized in the selection of the proper lubricating oil for a par- 
ticular engine, there are certain basic fundamentals regarding 
lubrication and lubricating oils with which it is advisable for the 
plant operator as well as the plant designer to be familiar. At the 
outset it should be emphasized that in selecting a lubricating 
oil more reliance should be placed in the reputation of the oil 
refiner and the actual field performance of a particular lubricant 
than on laboratory tests. Furthermore, once a suitable oil has 
been selected for use in a particular engine, continue the use of 
that oil. Experimentation with different types of lubricants may 
cause difiS.Ciilty in the operation of the engine, or may even result 
in a large repair bill through improper or inadequate lubrication. 
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The tests which are usually made on lubricants can be classified 
as chemical, physical, and mechanical. It is not within the scope 
of this chapter to discuss all of them in detail. Tests made will 
be listed together with references as to where detailed information 
regarding them may be obtained. Only those tests of special 
interest from the viewpoint of the lubrication of internal-com- 
bustion engines will be discussed. 

102. Lubricating -oil Tests. ^ — The following is a summary of 
the tests usually made on lubricating oils to determine their 
characteristics and qualities. 

Chemical tests: 

1. Acidity or alkalinity. 

2. Oxidation. 

3. Precipitation number. 

4. Saponification number. 

5. Sulfur content. 

6. Carbon residue. 

7. Corrosion, 

Physical tests: 

1. Cloud and pour points. 

2. Color tests- 

3. Flash and fire points. 

4. Dilution by fuel oil. 

5- Emulsification. 

6. Evaporation. 

7. Viscosity. 

8. Gravity. 

9. Water and sediment. 

Mechanical tests : 

Mechanical tests are made on wearing machines to determine the 
lubricating value of the oil. 

103. Viscosity. 2 — The viscosity of a lubricating oil must be 
given careful consideration in the selection of the proper oil for 
any internal-combustion engine installation. One of the primary 
requirements of a satisfactory lubricating oil is a suitable viscos- 
ity-temperature characteristic. The greater the temperature 
range through which the oil must operate, the less should be the 
relative change in the viscosity of the oil. If the viscosity of the 

^ See Clower, op, dt.j also standards of the American Society of Testing 
Materials for standard test procedures. 

® See Art. 79, Chap. IX, for discussion of viscosity. 
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oil is extremely high when the oil temperature is low upon starting 
the engine, oil flow will be restricted and lubrication will be poor. 
After the engine and oil have warmed up, the viscosity of the oil 
must be sufficient to maintain a film thickness that will prevent 
metal-to-metal contact and resulting excessive wear. While a 
high- viscosity oil will result in a lower oil consumption, neverthe- 
less considerable power loss results from the increased friction 
caused by the higher viscosity. In view of the conditions and 
limitations imposed by the oil viscosity, it is always desirable 
to use the lowest viscosity oil that will maintain sufficient 
oil film to prevent metal-to-metal contact at the engine operating 
temperatures. 

104. Oxidation. — Where lubricating oil is used over and over 
as it is in an internal- combustion engine, it should be relatively 
free from oxidation difficulties. Admittedly, lubricating oils 
subjected to the heat of combustion in the cylinder will burn. 
The major portion of the lubricating oil, however, is not subjected 
to this intense heat and should not oxidize appreciably at the 
temperatures encountered in the engine crankcase and in the 
piston when used for piston cooling. 

106. Carbon Residue. — While Conradson carbon or other 
carbon-determination tests are often called for in specifying 
lubricating oil, their value is open to question. ^ This authority 
states : 

However, although it is true that (carbon) tests may be of value 
in comparing oils of similar origin which have received a similar treat- 
ment, they lose their practical significance when comparisons are made 
of oils coming from different sources or subjected to different treating 
procedures. 

This is due to the difference in the characteristics of the carbon formed 
in the engine. Some types of carbon are rather fluffy in character and 
thus easily eliminated through the exhaust while others form a hard 
film on pistons or on cylinder walls. It is .also debatable whether an 
oil with an exceptionally Jow carbon residue or coke number is desirable, 
since a slight carbonaceous deposit may be of some value in protecting 
the oil from direct action of the metal. These functions are, however, 
not yet definitely settled. 

^ Kalichevsky, Vladimib a., “Modern Methods of Refining Lubricating 
Oils,” p. 16, American Chemical Society Monograph No. 76, Reinhold 
Publishing Corporation, New York, 1938. 
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106. Addition Agents. — Since lubricating oils are used for 
widely varying types of service in our industrial world today, it is 
only natural that for certain service conditions it has been found 
necessary to add various compounds to mineral lubricating oils in 
order that the lubricant will meet the special requirements desired. 
These ''additives’' are generally put into lubricating oils to act 
as pour-point depressants, oiliness carriers and extrem^ pressure 
materials, viscosity-index improvers, oxidization inhibitors, and 
color improvers. The services intended of the various additives 
are self-explanatory from the foregoing enumeration. Of these 
additives, probably oiliness carriers, oxidization inhibitors, and 
color improvers are of most interest to those concerned with 
internal-combustion engines. 

Oiliness carriers are generally vegetable or animal oils which 
are added for the purpose of maintaining an oil film between 
adjacent moving metal surfaces. There is a tendency with some 
oiliness carriers toward affecting the oxidization stability of the oil 
adversely. Oxidization inhibitors, the use of which is still in the 
experimental stage, apparently work best with highly refined oils. 

Color improvers have been developed to give lubricating oils 
refined from mid-continent and California crudes the green 
fluorescence of the Pennsylvania oils. In this connection 
Kalichevsky^ points out that 

In serwce oils tend to develop black carbonaceous material which 
remains at least partially suspended in the oil. If the oil is fluorescent 
and is examined in reflected light, the presence of these black particles 
is concealed and the oil continues to appear relatively little altered. 
When the nonfluorescent oils are examined in transmitted light all 
these black particles are distinctly visible, and the black appearance of 
the oil leaves the customer with the impression that the oil has deteri- 
orated rapidly in service. Actually, however, the fluorescent oil may 
contain considerably larger quantities of carbonaceous materials and 
may have deteriorated to a much larger extent than the nonfluorescent 
oil rejected by such visual inspection. 

» 

In addition to those additives which may be employed by the 
oil refiner in compounding lubricating oils to meet special require- 
ments, the diesel-plant operator and designer have for the past 
several years been bombarded with requests to try numerous 

1 lUd., p. 196. 
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additives or '' dopes’" which are to be mixed directly in the fuel or 
lubricating oil. Like the elixirs of the alchemists, these dopes 
were supposed to cure every known ill of poor design or faulty 
operation. Unfortunately, there is just enough fact to substanti- 
ate a part of the claims made for these dopes. When such 
materials are added directly to the lubricating oil of an engine, 
they should be used with caution since in rectifying one difficulty 
they may cause others more serious than the trouble rectified. 

107. Methods of Engine Lubrication. — The method of lubrica- 
tion employed in any engine is determined by its design. In gen- 
eral, however, it can be said that all slow-speed engines use similar 
methods of lubrication in which two independent lubrication 
systems are employed, while the small high-speed engines use only 
a single lubricating system. 

The large slow-speed units usually employ two independent 
lubricating systems consisting of a full-pressure force-feed system 
for lubricating the main, crankpin, and wristpin bearings, cam- 
shafts, gears, and other rotating parts, and a separate force-feed 
system for lubricating cylinder walls. It is the usual practice to 
use a type of oil in each system which will best suit the conditions 
and limitations of the lubricating problem in each. Thus the oil 
used for the cylinders is often of a higher viscosity than that 
employed for bearings. Usually new oil is used in the cylinder 
lubricators. 

As lubricating oil is fed to the cylinders, a portion is retained 
on the cylinder walls, some is burned in the fuel-combustion zone, 
and some drains off the cylinder walls into a special compartment 
or into the crankcase where it mingles with the oil for the main 
lubricating system. This oil which is drained or scraped off the 
piston skirt or lower portion of the cylinder carries with it carbon, 
water vapor resulting from fuel combustion, and some cracked 
residue of the cylinder lubricant. In general, this oil finds its 
way into the pressure-lubricating system for bearing lubrication. 
The oil in the bearing-lubricating system is not subjected to the 
temperatures prevalent in the cylinder, and consequently it is not 
used up at so rapid a rate as is the cylinder lubricant. This oil, 
after proper cleaning, is used over and over in the engine. 

In most of the higher speed engines, a single lubricating system 
is employed. The oil is forced through the system by means of 
a pump, and cylinder walls are lubricated by means of splash 



194 DIESEL- AND GAS-ENGINE POWER PLANTS [Chap. XI 

carried up by the lower portion of the piston skirt. Thus in 
engines of this type the cylinder lubricant, instead of being new 
oil, is furnished from a mixture of oil which has been in the crank- 
case and new oil added to compensate for that consumed during 
operation of the engine. 

108. Lubricating-oil Impurities. — ^Lubricating oil used in an 
internal-combustion engine is subject to continual contamination 
while the engine is in operation. Since it acts as a scavenging 
medium, it is accumulating carbon, water, dirt, metallic chips, as 
well as other contaminants. It is also subject to chemical change 
since unsaturated hydrocarbons in the presence of heat, with a 
metal present to act as a catalytic agent, may be joined to form 
entirely different compounds. Impurities can also be introduced 
in the lubricating oil by too frequent handling, particularly in 
those regions subject to severe dust conditions. 

In all practical cases, »part of the impurities and products of 
decomposition of the lubricant and fuel appears in the crankcase 
oil, and part forms the deposits in the engine. The design, 
mechanical condition of the engine, and type of operation control 
the distribution of impurities and the rate of engine fouling to a 
greater extent than the lubricating-oil characteristics. It is, 
therefore, impossible to separate the lubricating service from 
other phases of operation. 

Economy dictates that the oil be used in an engine as long as 
possible. Since the contamination which is constantly being 
added to the lubrication oil is harmful to the engine when its con- 
centration becomes too great, it is necessary to remove the 
contaminants from the oil which cause harm to the working parts 
of the engine. Thus means should be provided for the purifica- 
tion of the oil used if economical service is to be obtained from it. 

109. Purifying Lubricating Oil. — Many methods are used for 
purifying lubricating oil used in internal-combustion engines. 
Before discussing these several methods in detail, it is advisable 
to consider certain general features of oil reconditioning. All 
methods of purification are not applicable to all conditions 
encountered in the operation of internal-combustion engines, nor 
are all lubricating oils satisfactorily reconditioned in all types of 
equipment sold for this purpose. 

Basically there are differences in lubricants resulting from the 
method of refining employed as well as the method of compound- 
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ing the oil. Improvements in refining technique are continually 
being made which alter the characteristics of lubricants offered. 
These improvements in lubricating oils must keep pace with 
refinements and improvements in the design and construction of 
engines necessitating higher grade lubricants.^ Furthermore, the 
characteristics of a lubricating oil* may be changed considerably 
by some reclaiming processes now used. 

All lubricating oils deteriorate when subjected to high tempera- 
tures. The safe maximum temperature to which an oil should be 
heated, if long life is to be obtained from it, is 200 to 225 F. As 
oils are heated above this value, in general, the oxidization rate 
doubles for each 20 F increase in the temperature. This fact is 
borne out by extensive laboratory tests on all types of lubricants 
employed for internal-combustion engines, steam engines, and 
steam turbines. 

Laboratory tests of thousands of samples of lubricants removed 
from internal-combustion engines show the further fact that heat- 
ing the lubricating oil to a high temperature removes little if any 
of the fuel-oil dilution present in the lubricating oil. This is 
probably due to the fact that the distillation range of most fuel 
oils used in diesel engines is practically identical with that of the 
distillation range of the lighter portions of the lubricating oil. 

110. Purifying Methods. — There are three basic methods for 
purifying lubricating oil, namely, settling, filtering, and chemical 
reclaiming. In many instances, combinations of these several 
methods are employed to reihove contaminants from lubricating 
oils. Reconditioning may be done by the batch method where 
the oil is removed from the engine for treatment and then 
replaced, or it may be accomplished by continuous reconditioning 
where some of the lubricating oil is constantly being by-passed 
through the treating equipment while the engine is operating. 
It is usually not economical to pass all the oil being circulated 
in the engine through the reconditioning equipment except in the 
case of small engines where the rate of flow is low. 

111. Settling. — Perhaps the simplest method for removing 
impurities from lubricating oil is by settling. If the oil is removed 
from an engine, placed in a tank where it is heated, and left undis- 
turbed for a sufficient length of time, all the carbon, sludge, water, 

^ Lubrication Problems Created by the Modern Diesel, Luhrication^ The 
Texas Company, New York, vol. 25, No. 10, October, 1939. 



196 


DIESEL- AND GAS-ENGINE POWER PLANTS [Chap. XI 


and other contaminants will settle to the bottom of the tank. 
The clean oil contained in the upper portion of the tank can then 
be drawn off, replaced in the engine, and used until it again 



becomes too contaminated for efficient service. Such a treat- 
ment method is inexpensive, although it is open to the objection 
that a large oil storage must be provided when the size of the 





Fig. 81 . — Construction details of centrifuges used for lubricating-oil purification. 

(^Courtesy of PowerS) 


centrifuge on tlie contaminants in the oil is several thousand 
times that of gravity, and consequently the rate of separation is 
very much faster than in a gravity-settling system. This 
.method of purifying effectively removes all solids and liquids 
heavier than the oil which are not in solution in the oil. In 
general, the centrifuge is most effective where large amounts of 
foreign contamination or oil-decomposition products are progres- 
sively contaminating the oil during service. Lubricating oil 
will seldom return to its original color in the centrifuging process. 
Carbon in colloidal form as low as 0.018 per cent by volume will 
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make the oil appear black. Such an amount of carbon is harmless 
in the lubricant. 

Satisfactory purification of lubricating oil with a centrifuge 
is obtained by following these simple rules given by the Texas 
Company.^ 

1. Set the oil-flow rate at 60 per cent of the maximum capacity of the 
centrifuge for the particular oil and temperature. 

2. Maintain the oil temperature at the centrifuge constant at 180 F. 

3. Clean the centrifuge bowl every 6 hr or oftener. 

4. Operate the centrifuge continuously. 

5. Maintain the original viscosity of the oil. 

When a centrifuge is properly maintained and operated intelli- 
gently, it will do a very creditable job in purifying the lubricating 
oil used in an internal-combustion engine. Probably the two 
most common faults committed by operators in handling centri- 
fuges deal with heating of the oil and cleaning of the centrifuge 
bowl. 

In order to clean up a lubricating oil satisfactorily, it is neces- 
sary to heat the oil in order to reduce its viscosity and specific 
gravity. With the viscosity lowered, particles of dirt and drops 
of water move more freely through the oil. The lowered specific 
gravity of the oil results in greater difference in centrifugal force 
acting upon the oil as compared with that acting upon the water 
and other foreign matter and, consequently, a more positive sepa- 
ration in the centrifuge. Heating of the oil must be done 
properly and not carried to high temperatures. It happens that 
some contaminants, including water, which are insoluble in the oil 
at low temperatures are highly soluble at increased temperatures. 
Likewise, some additives used to improve the lubricity of the oil 
may exhibit a tendency to saponify or undergo other changes at 
elevated temperatures. 

Improper heating of the lubricating oil may result in consider- 
able oxidization of the lubricant, and conditions have occurred 
where the amount of carbon produced in an electric heater on the 
centrifuge was greater than the amount of carbon being produced 
through service of the oil in the engine. In one instance, the 
elimination of the electric-heater element resulted in a much 
cleaner oil being delivered by the centrifuge. Some authorities 


Ibid. 
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recommend the elimination of electric strip heaters, and in their 
place they recommend the use of a steam coil operating at not 
over 5 lb steam pressure. Such a steam coil will keep the tem- 
perature of the oil within safe limits. 

The neutralization number of an oil can generally be held 
within reasonable limits through the introduction of 5 to 8 per 
cent by weight of mineral-free hot water with the oil as it enters 
the centrifuge. The water will be scrubbed through the oil, 
assimilating a portion of the acid present. When the centrifuge 
separates the water from the oil, extraction of a portion of the 
acidic materials in the oil is obtained. The water should be as 
hot as the oil, and preferably 10 to 20 F warmer than the oil. 
The use of water is somewhat tricky and requires the operator to 
be somewhat careful in its use. 

The centrifuge does not remove additives or detergents 
employed in the compounding of some types of lubricating oils. 

Centrifuge equipment may be used either for intermittent 
cleaning of batches of oil removed from an engine, Fig. 82, or it 
may be arranged for continuous operation where a portion of the 
lubricating oil from one or more engines is continually passing 
through the centrifuge, Fig. 83. The latter method of operation 
is much to be preferred. The arrangement of centrifuge equip- 
ment in any case is dependent upon the type of lubrication system 
provided on the engine. In some cases a batch-cleaning arrange- 
ment must be used since a continuous system cannot be installed 
on the engine. In other cases it is found desirable to provide a 
separate centrifuge for each engine for continuous by-pass clean- 
ing. Some installations use one or more centrifuges for con- 
tinuous by-pass cleaning of the oil for a group of engines. 

113. Filtering. — Filters are used extensively to remove lubri- 
cating-oil contaminants. Originally filtering elements were 
largely confined to simple strainers for removing the larger parti- 
cles of dirt, metallic chips, and other foreign materials. Develop- 
ments in the construction of filters have produced many types and 
styles, although they all may be classified in three groups includ- 
ing (1) strainers, (2) absorbent filters, and (3) adsorbent filters. 

Strainers may be composed of wire cloth, cloth bags, or the 
edge-type unit in which the oil passes through small openings 
between flat metallic plates. Ahsorhent filters employ cotton 
waste, multiple layers of cloth, spun-glass fiber, cellulose, and 
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other materials capable of absorbing the foreign materials from 
the lubricating oil as it passes through the filtering mediums. 
Adsorbent filters use raw fuller’s earth or synthetic materials 
resembling fuller’s earth in their action in adsorbing contaminants 
from the oil. 



The absorbent- and adsorbent-type filters are used extensively 
and have found favor among operators. These filters seem to be 
best suited for use in those instances where the amount of con- 
tamination to be removed from the oil is not great. Where an 
extremely dirty oil is to be cleaned, the cost of filter-replacement 
cartridges becomes excessive in comparison to the performance 
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obtained from a well-operated centrifuge. There seems to be 
some question as to just how effective filters are in removing 



liquid contaminants from lubricating oil, particularly when these 
contaminants are in solution in the oil. 

While activated-earth filters are being used satisfactorily with 
oils that contain oxidization inhibitors, many refiners recommend 


•icating-oil purification. {Courtesy of Power,) 
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that lubricants containing both oxidization inhibitors and 
detergents should be filtered only with cellulose-type filtering 
mediums such as cellulose and cotton waste. This is because the 
materials used to obtain detergency characteristics are much 
more sensitive to removal from the oil by activated earth than 
most oxidization inhibitors. 

114. Chemical Reclaimers. — Several makes of oil-purifying 
units are being marketed in the United States which are known 
among plant operators as chemical reclaimers, although their 
action in part is similar to that of the adsorbent-type filter. 
These units employ high-temperature distillation coupled with 
filtration through fuller’s earth, or high-temperature distillation 
together with the mixing of fuller’s earth with the oil being treated 
followed by pressure filtering. The successful handling of such 
equipment calls for considerable care on the part of the operator, 
and the effects of high temperatures upon the lubricating oil may 
be extremely detrimental. 

There are chemical reclaimers that may be either acceptable or 
undesirable, depending upon the nature of the lubricating oil 
treated, method of application of heat, ratio of chemicals to 
oil, strength of chemicals, and other factors entering the problem 
of oil reconditioning. It is extremely difficult, therefore, to tell 
just how successful a particular chemical reclaiming method will 
be with a certain lubricating oil. 

The cost of chemicals and electrical energy used for heating the 
reclaimer is considerable. There have been instances, particu- 
larly among pipe-line operators, where this type of equipment has 
been ruled out as a means for lubricating-oil conditioning because 
of its high operating cost as compared with centrifuging or filter- 
ing through waste or cellulose materials. 
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CHAPTER XII 
ENGINE COOLING 

When an internal-combustion engine is in operation, it derives 
its propulsion energy from the burning of oil or gas in each cylin- 
der. The heat energy produced is only partially converted into 
power at the engine crankshaft. That which is not converted 
into power is lost through mechanical friction, radiation to the 
surrounding atmosphere, rejection in the exhaust, and in the 
water circulated through the engine for cooling the cylinders, 
lubricating oil, and exhaust lines. It is the quantity of heat dis- 
sipated to the cooling water and the means for its disposal which 
will be discussed in this chapter. 

115. Heat Rejected to the Cooling System. — The percentage of 
the total heat supplied to the engine which finds its way to the 
cooling water varies considerably for different makes and types 
and is influenced by the stroke cycle as well as the individual 
design of the engine. Several independent studies indicate that 
there is no uniformity of opinion among engine designers as to the 
quantity of heat per brake-horsepower at full load which is 
removed by the cooling water. These studies have shown that 
the heat dissipation varies from 1,500 to 4,500 Btu per bhp-hr, 
depending upon who furnished information. Most plant 
designers follow the approximate rule of D.E.M.A.^ that ^'an 
average of 3,000 Btu per bhp-hr is an approximation which may 
be used for the amount of heat rejected by an engine to the cooling 
water system. 

While actual heat dissipation to the cooling water for a partic- 
ular engine should be checked with the manufacturer, it is possi- 
ble, through a knowledge of engine performance, to estimate 
fairly accurately the amount of heat rejected. In a diesel engine, 
for example, the practice of the D.E.M.A. since 1935 has been to 

^ “Standard Practices/’ 1935, p. 71, and “Marine Diesel Engine Stand- 
ards,” 1940, p. 105, issued by the Diesel Engine Manufacturer’s Association, 
New York. 
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make fuel-oil-consumption guarantees upon the basis of a gross 
(high) heating value of the fuel oil of 19,000 Btu per lb. If a 
diesel engine consumes 0.4 lb of fuel oil per brake horsepower-hour 
at full load, (Fig. 14) of which 2,545 Btu is the actual heat equiva- 
lent of 1 bhp-hr delivered at the crankshaft, we can readily 
obtain the total amount of heat energy rejected by the engine as 


follows: 

Btu 

Heat supplied per bhp-hr (19,000 X 0.4) 7,600 

Heat to mechanical work 2,545 

Heat rejected by the engine per bhp-hr 5,055 


This heat rejected by a nonsupercharged engine is generally 
divided about equally between that which is absorbed by the 
cooling water and that which is discarded through the exhaust, 
radiation, and friction. Thus, where no oil cooling or exhaust 
cooling is done, the heat absorbed by the cooling water per 
brake horsepower-hour will be approximately 0.5 X 5,055, or 
2,528 Btu. For engines without oil-cooled pistons or exhaust 
cooling, therefore, it is generally safe to estimate that 2,500 to 
2,700 Btu will be absorbed by the cooling water for every brake 
horsepower-hour at full load. On the other hand, where lubricat- 
ing-oil cooling is added, another 700 to 900 Btu are absorbed by 
the cooling water, and the water jacketing of the exhaust manifold 
will add another 200 or more Btu, depending upon the exhaust 
temperature. Thus, when lubricating-oil cooling and exhaust 
cooling are both added, the heat absorbed by the cooling water 
will range from 3,400 to 3,800 Btu per bhp-hr. Supercharging 
tends to change this distribution with the exhaust carrying off a 
larger portion of the waste heat and the cooling water taking as 
little as 1,800 Btu per bhp-hr at full load. From these figures it 
is readily apparent that no definite data on heat rejection to the 
cooling water can be given which are applicable to all engines. 

Reference has been previously made to the fact that the amount 
of heat not converted into mechanical work is rejected by the 
engine and is divided between that heat which finds its way to the 
cooling water and that whicK is dissipated through the exhaust, 
mechanical friction, and radiation. The amount of heat dis- 
sipated as mechanical friction and radiation is a relatively small 
portion of the total heat supplied to the engine and for any par- 
ticular engine design is more or less constant regardless of load on 
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the engine or regardless of the distribution of the heat between 
the cooling water and exhaust gases. In view of this latter condi- 
tion, therefore, the greater the percentage of the rejected heat 
absorbed by the cooling water the less the percentage of heat find- 
ing its way out the exhaust. 

116. Cooling-water Requirements. — The amount of water 
required for cooling is determined by the quantity of heat to be 
removed from the engine or engines in operation and the tempera- 
ture rise of the water passing through the engines. The quantity 
of heat removed is measured in British thermal units. A British 
thermal unit is, for all practical purposes, defined as the quantity 
of heat required to raise one pound of water one degree Fahren- 
heit. Thus, if a pound of water is heated 10 F, it absorbs 10 Btu 
in the process. This relationship between quantity of heat, 
weight of water, and temperature rise, where the water is 
kept below the boiling point, is given by means of the following 
equation : 

H = W{t2 - h) - Wt (28) 

where H = heat added or subtracted from the water, Btu. 

W = weight of water, pounds. 
t 2 — highest temperature of water. 
tx = lowest temperature of water. 

^ = temperature rise of the water. 

The flow of heat from the engine to the cooling water is con- 
stantly taking place, and it becomes necessary to circulate the 
water through the engine-cooling system in order to prevent its 
boiling. Under this condition, therefore, Eq. (28) is considered 
to apply only for a unit of time, generally a period of 1 hr. Thus 
H would become the quantity of heat removed from the engine 
during a period of 1 hr and-TT would be the weight of water in 
pounds circulated during this 1-hr period. Since we are accus- 
tomed to thinking of water flow in terms of gallons per minute 
(gpm), the foregoing equation can be revised so that we can cal- 
culate directly the flow of cooling water in gallons per minute for 
a given heat dissipation per hour. Since a gallon of water at 
60 F weighs 8.345 lb, and since a flow of 1 gpm is equivalent to 
60 gal per hr, a rate of flow of 1 gpm is equivalent to 

8.345 X 60 = 500 lb per hr 
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As previously given in Eq. (28) 


H ^Wt 


Now since 

W = 500 (gpm) 

We can substitute in Eq. (28) and obtain 
H = 500(0 (gpm) 
And by dividing we obtain 

mt 


(29) 


This equation can be solved graphically by the chart in Fig. 86. 
By means of a straightedge, connect the value for temperature 
rise desired and the heat dissipation to the cooling water per 
brake horsepower-hour and read on the scale for gallons per 
minute the quantity of water required to be circulated per brake 
horsepower. For a 10~deg. rise in the engine jackets with the 
cooling water required to absorb 3,000 Btu per hr per bhp, it will 
be necessary to circulate 0.6 gpm per bhp, and for a 1,000-hp 
engine, it becomes necessary to circulate 600 gpm of cooling 
water through the jackets. Any other combination of conditions 
can be determined rapidly from this chart. 

All calculations for determining the quantity of water circu- 
lated through the jackets of an internal-combustion engine for 
cooling purposes involve the quantity of heat to be removed, the 
temperature rise permitted in the water being circulated through 
the engine, and the rate of water circulation. If the rate of water 
circulation is held constant, the temperature rise is directly pro- 
portional to the quantity of heat removed. The temperature at 
which the water enters the engine-cooling system has no influence 
on the temperature rise of the water in its passage through the 
engine. If the quantity of water circulated through the engine 
increases 10 F in temperature between the engine inlet and outlet 
at a given engine load, then that same 10 F differential will exist 
at that load regardless of whether the water reaches the engine at 
100 or 175 F. 

117. Cooling -water Temperatures. — The temperature at which 
water enters and leaves an engine should be given considerable 
study, much more in fact than has been accorded this important 
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subject in the past. Unfortunately, engine operators have been 
too prone to follow custom right or wrong, as a consequence the 



Fiq. 86. — Nomographic chart for determining the quantity of water required for 
cooling engine cylinder jackets. 


entire engine-cooling problem is still far from being on a rational 
basis. This lack of agreement is readily apparent from a study 
of the cooling-water temperatures employed in 145 oil-engine 
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plants reporting their operating results in the 1939 Report on 
Oil-engine Power Cost of the A.S'.M.E., Fig. 87. 

These data indicate that the temperature rise through engine . 
jackets (difference between the temperature of the water into and 
out of the engine) varied from 5 to 90 F and that the temperature 



Percent Tofal Plan+s 

Fig. 87.- -Variation in cooling-water-temperature conditions in diesel engines 
operating in central stations. 

of the water leaving the engine varied from 70 to 160 F. One-half 
of the plants reporting gave temperature rises of less than 22 F, 
Over 85 per cent of the plants reported outlet water temperatures 
exceeding 100 F, while only 10 per cent reported outlet temper- 
atures exceeding 125 F. These data represent the practice in 
plants using both open or single-circuit cooling systems as well as 
closed or double-circuit cooling systems. 
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When these data are divided between plants with single- and 
double-circuit cooling systems, there appears to be a distinct 
tendency for the higher outlet temperatures to be used only with 
the double-circuit cooling systems. In fact, 64 per cent of the 
stations reporting exit water temperatures over 120 F employed 
double-circuit cooling systems. While practically equal numbers 
of stations reported using single- and double-circuit cooling, 
the single-circuit systems were largely restricted to those plants 




Closed or Double - Circuif Cooling System 

Fig. 88. — Schematic diagrams of cooling-water systems employed with internal- 
combustion engines. 


where the outlet-water temperature from the engine was less 
than 120 F. 

The foregoing analysis is fairly typical of the cooling conditions 
existing in the plants that the author has studied over the past 
decade. During those years when only single-circuit cooling sys- 
tems were employed for engine cooling it was found advisable to 
keep the jacket- water temperature low in an effort to decrease the 
amount of scale deposits in the cooling-water passages of cylinder 
heads and cylinder walls. The advent . of the double-circuit 
cooling system for stationary internal-combustion engines with 
softened water flowing through the engine jackets eliminated the 
excessive formation of scale and permitted the use of higher water 
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temperature to and from the engine jackets. Operators, schooled 
in the use of single-circuit cooling systems where the temperatures 
of cooling water had to be kept low, have been slow to take 
advantage of any possible economies from double-circuit cooling 
systems through the increase of jacket- water temperatures. 

For many years it has been felt that the maximum tempera- 
ture of the water leaving an engine should not exceed 120 F where 
a single-circuit cooling system was employed, and that where a 
double-circuit cooling system employing softened or scale-free 
water in the engine-jacket circuit was used it was safe to operate 
with a temperature of 140 F from the engine. Many operators, 
however, consistently maintain the temperature of the water 
leaving their engines at values considerably below these figures 
as is readily apparent from Fig. 87. Tem'peratures of water to 
and from an engine which are maintained at too low a value may 
he as injurious to the engine as possible excessive temperatures. 

In an effort to clarify the somewhat scattered information 
now available on engine cooling-water temperatures, it will be 
necessary to consider the cooling limitations for several types of 
engines. Consideration will be gi'^en to the cooling-water 
conditions for 

1- Slow-speed diesel engines. 

2. High-speed stationary and automotive diesel engines. 

3. Natural-gas engines. 

It should be emphasized that the temperature rise of the water 
passing through the engine jackets bears no relation to the tem- 
perature at which water leaves the engine but is dependent upon 
the quantity of heat to be removed with a given rate of cooling- 
water flow through the engine jackets. 

118. Cooling of Slow-speed Stationary Diesel Engines. — 
The cooling of large slow-speed engines involves consideration 
of the relative expansion of piston and cylinder liner as well as 
the effect of liner thickness on the cooling of the cylinder. Some 
engineers have used an empirical rule for determining the tem- 
perature of the water leaving engines of this type, as follows: 

= 190 — 4D (30) 

where U = temperature of water leaving engine. 

D = cylinder diameter, inches. 
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In this equation it is assumed that the maximum possible outlet 
temperature from an engine is 190 F. This outlet temperature 
decreases uniformly with the increase in the cylinder diameter. 

Many builders of large slow-speed engines for central-station 
service have required that the temperature of the water leaving 
the engine should not exceed 140 F, and in many instances, 
particularly with engines of 2,000 hp and larger, this outlet 
temperature has been held even lower. Apparently the reason 
for this request for low outlet-water temperatures is partially 
due to a desire to maintain reasonable lubricating-oil tempera- 
tures, and partially due to the relative expansion between 
cylinder liner and piston. 

At the present time there is no agreement of opinion among 
designing engineers regarding outlet-water temperatures which 
are satisfactory for large internal-combustion engines. Perhaps 
this lack of agreement results from the fact that the internal- 
combustion engine, and particularly the large slow-speed units, 
are relatively new and the experience in cooling of such engines 
is not yet sufficient to justify a complete accord among designers 
in this important matter. During the past few years several 
engines in stationary service have been operating with outlet 
jacket-water temperatures of 175 to 180 F. While the experi- 
ence with these slow-speed units of the diesel type has been 
highly satisfactory, nevertheless there is a hesitancy on the part 
of engine designers to increase outlet-water temperatures until 
such time as these trial installations prove themselves. 

119. Cooling of High-speed Automotive -type Diesel Engines. 
The cooling of high-speed engines presents an entirely different 
problem from that involved in the cooling of large stationary 
engines. In the first place, space limitations on trucks and 
locomotives make it impossible to maintain cooling-water 
temperatures at the low levels which have been considered 
necessary with the large stationary engines. As a consequence 
it was necessary to design engines that would operate at higher 
cooling temperatures. In addition, as has been pointed out by 
Judge, ^ the temperature at which the cooling water is maintained 
in the engine jackets has a marked effect upon the power output 
and fuel consumption of the engine. 

1 Judge, Arthur W., ‘‘High Speed Diesel Engines,” 3d ed., p. 39, T>. Van 
Nostrand Company, Inc., New York, 1939. 
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As shown by Fig. 89, the horsepower output increased while 
the fuel consumption per horsepower decreased with an increase 
in temperature of the engine-jacket water. This action is con- 
trary to the belief of many engine operators, but the experience 
as pointed out by Judge has been corroborated by the experience 
in the United States with high-temperature cooling of gas engines 
and high-speed internal-combustion engines burning oil. The 
matter of high-temperature cooling is becoming of such impor- 
tance that a section is devoted to vapor-phase cooling where the 
jacket water is brought to boiling temperature. 



a. 

E 


Fig. 89. — Effect of cooling-water temperature on power output and fuel con- 
sumption. {Judge.) 


120. Vapor-phase Cooling.^ — High-temperature cooling of 
small bore and stroke internal-combustion engines has been 
receiving considerable attention during the past two or three 
years, and if the commercial installations of this type of jacket 
cooling now in service prove successful, another milestone will 
have been reached in the improvement of internal-combustion 
engines. Essentially this cooling method consists of supplying 
water to the engine jacket at or near the boiling point. The 

^ Saistbers, T. P., Vapor Phase Engine Cooling Introduced on Pipe Lines, 
Oil Gas Jour., Sept. 19, 1940. 
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water is further heated by contact with the cylinder liner walls, 
and upon leaving the engine the pressure of the water is suddenly 
decreased, causing the water to flash into steam. The steam 
is in turn condensed in a radiator or heat exchanger and the 
condensate in the form of water returned to the cooling system to 
complete the cycle. By forcing the water through the engine 
jackets at a rapid rate and keeping the system, together with the 
circulating water pump, under a constant head, hot spots are 
avoided and a more uniform temperature is maintained over the 
entire length of the engine cylinder. 

J. H. Wallace and H. A. Newton^ have shown that the upper 
ends of the cylinder jackets in an internal-combustion engine are 
always at boiling temperature while in operation, regardless of 
the temperature of the circulating water. In other words, it is 
impossible to cool the tops of the cylinder liners with water and 
not have boiling take place on the outer surface of these liners. 
This same condition also applies to the water passages in the 
cylinder heads. Therefore, in order to reduce the temperature 
gradient between the upper and lower ends of the liners, it is 
necessary to increase the temperature at the lower ends rather 
than attempt to reduce the temperature at the head. By vapor- 
phase cooling the temperature differential over the length of the 
liners can be reduced more than 50 per cent, and since liner distor- 
tion is directly proportional to the temperature differential, the 
cylinder tapering due to temperature can be reduced more than 
50 per cent by vapor-phase cooling. 

Combustion of hydrocarbons in an engine cylinder produces 
carbon dioxide, carbon monoxide, water, and some small portion 
of sulfur dioxide. The quantity of water formed is surprisingly 
great, amounting to about 1 gal per 10 bhp-hr for gas engines 
and about Id bhp-hr for diesel engines burning oil. 

Most of this passes through the exhaust valves as steam, but if 
the lower portion of the cylinder is below the dew point, some^ 
of the water vapor will condense there. 

Moisture condensing on the cylinder wall quickly absorbs 
sulfur compounds to form sulfurous acid. When the rising piston 
rings scrape the condensate off the cylinder wall, it mingles 

Oil Gas Jour.^ Sept. 7, 1939, p. 58. This same condition was also 
stressed by Wallace in a paper presented before the Tnlsa, Okla., section of 
the Society of Automotive Engineers, Oct. 11, 1940. 
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with the oil film. The acid attacks walls, pistons, and rings and 
acts as an emulsif 3 dng agent to form sludge which accumulates 
in the crankcase and builds up a thick gummy deposit on rings 
and pistons. 

The greatest benefit derived from vapor-phase cooling comes 
as the result of raising the wall temperatures in the lower portion 
of the cylinder to a point where condensation is avoided. In 
several modern installations, internal-combustion engines with 
this type of cooling are now operated on sewer gas or sour natural 
gas, both of which contain comparatively large portions of 
hydrogen sulfide. Even with fuels of this type, sludge formation 
is reduced to an almost inconsequential amount. An automobile 
equipped for vapor-phase cooling has been driven 25,000 miles 
without changing either the oil or the oil filter. The oil is still 
clear, save for a small accumulation of carbon particles. 

Vapor-phase cooling can increase engine efficiency 3 or 4 per 
cent under full load or up to 8 or 10 per cep.t under partial 
load owing to the reduction in mechanical losses. The higher 
wall temperatures in the lower portion of the cylinder decrease 
oil drag and make for better lubrication because of the reduction 
in sludge formation. Reduction of the temperature gradient 
from top to bottom of the cylinder also serves to obviate some 
of the friction that results when piston rings are forced to expand 
and contact in a tapered cylinder. 

In engines of the crank-pan type, such as automotive engines 
having underhung crankshafts, and most of the high-speed engines 
now used for stationary work, the oil contained in the crank pan is 
actually at a lower temperature when vapor-phase cooling is being 
used than when cooling water at a lower temperature is employed. 
Various explanations have been given for this apparent contradic- 
tory action, although the most logical explanation is that water 
at high temperature absorbs heat through the cylinder liners at a 
more rapid rate than it can do at lower temperatures and less 
heat finds its way to the lubricating oil. 

In engines of the crankcase-type construction for stationary 
operation where the main casting is carried down to form the 
crankcase, there is usually an increase in the lubricating-oil 
temperature with vapor-phase cooling- This is due to the better 
conductivity of a large mass of cast iron and also to the fact that 
these engines generally do not have any air circulating about the 
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crankcase. Engines of this type are generally provided with 
lubricating-oil coolers. When engines of this type are converted 
to vapor-phase cooling, it is necessary to provide these lubricat- 
ing-oil coolers with a separate source of low-temperature cooling 
water, or in the case of radiator-type engines a small section of 
the radiator is generally used for cooling the lubricating oil. 

Experiments conducted in England show that with jacket-water 
temperature below 212 F the liner wear in small cylinder sizes is 
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Fig. 90. — Cylinder wear in relation to wall temperature for automotive-type 
engines. {Collected Researches on Cylinder Weary Institution of A.ubomohiLe 
Engineers, England.') 



almost inversely proportional to the lubricating oil consumed, while 
at temperatures above 212 F the wear is independent of oil con- 
sumption, Fig. 90. 

Diesel engines have been operated in Great Britain with a 
steam pressure of 125 psi gauge on the jackets. This is a cooling 
temperature of 353 F. Liquid-cooled aircraft engines often 
operate at 325 F. Since there are no serious lubricating problems 
in either instance, these examples serve to indicate that cooling- 
water temperatures between 200 and 250 F are safe for all 
ordinary engines, provided that a sufficiently rapid rate of cir- 
culation is maintained. 
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The American Gas Association^ has made a thorough study of 
natural-gas engines using high-temperature cooling. The follow- 
ing summary is taken from that report: 

Forty-six natural-gas engines, varying in size from 40 to 250 hp, 
have been observed over periods of from 12 to IS months of operation 
at temperatures varying between 215 and 230 F. These engines have 
been periodically inspected during operation and have been torn down 
for detailed micrometer inspection for mechanical wear. Dynamom- 
eter tests have been conducted on engines equipped with conventional 
(low temperature or 160 F) cooling units, then rechecked after being 
cooled at temperatures above 212 F; the results have been as follows: 

1. Dependability (continuity of service) .has been as good, in all 
cases, and in many instances better, than that of engines operating at 
temperatures below 212 F. 

2. Lubricating-oil consumption in engines operating with high- 
temperature cooling has been no greater than in engines cooled at lower 
temperatures. 

3. Cylinder wear in engines cooled above 212 F has been normal, and 
in some instances, phenomenally low. 

4. Piston rings in all engines operating above 212 F were entirely free 
and clean when inspected. (One exception was an engine operating in 
a dairy close to a beet-sugar pulp storage that had taken some of the 
fine pulp in through the crankcase breather, forming molasses'’ in 
the oil.) 

5. Engine-head gaskets of standard material have held perfectly in 
aU cases. 

6. Bearings inspected were in excellent condition, wear being normal 
or below normal. 

7. Condensation (accumulation of water in oil sump) is entirely 
eliminated when engine-jacket-water temperatures are maintained 
about 212 F. 

8. Dynamometer tests with and without high-temperature cooling 
show a slight increase in engine horsepower under full-load conditions 
with the same quantity of fuel, indicating possible reduction in ''oil 
drag” at higher temperatures. 

The foregoing results are of vital importance to the natural-gas power 
industry. It is now possible to safely advocate the use of high-tem- 
perature cooling wherever waste heat may be utilized to advantage in 
conjunction with the operation of a natural-gas engine. 

1 ‘'Report of the Gas Engine Power Committee for 1940 and Census of 
Gas Engines,” American Gas Association Committee Report. 
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121. Correct Cooling. — The proper cooling of an internal- 
combustion engine requires that the following conditions be 
met: 

1. There must be a continuous uninterrupted flow of water or 
other suitable cooling medium through the engine jackets during 
the time the engine is in operation and, in most cases, for some 
time after the engine stops operating. 

2. The temperature rise of the water passing through the 
engine should be limited to not more than 20 F except in rare 
cases. 

3. The water used for. cooling in the engine jackets should be 
reasonably free from scale-forming impurities. The impurities 
should never be allowed to become of such quantity that scale 
deposits sufficient to interfere with proper cooling are created 
in the water passages. 

4. The water used in the engine jackets should not be corrosive 
to the metals with which it comes in contact, through either 
oxygen corrosion or other forms of corrosive action. 

5. The temperature of the water leaving the engine should 
not exceed the limits imposed by the manufacturer of the 
engine. 

6. Provisions should be made for maintaining a constant water 
temperature either to the engine or from the engine through the 
use of suitable thermostat control. It is impossible to maintain 
both outlet and inlet water temperatures constant unless the 
engine is pulling a constant load. The difference between the 
inlet and outlet temperatures (temperature rise) will vary with 
the load on the engine; the greater the load, the greater the 
temperature rise of the water passing through the engine. 

122. Cooling Methods. — Cooling methods used in any particu- 
lar case will be influenced by the character, quantity, and type of 
cooling mediums available*. Thus cooling ponds, cooling towers, 
rivers, lakes, oil flowing through a pipe line, radiators, or other 
cooling sources have been used. For example, a plant located 
on a river having Sufficient flow could utilize river water as a 
cooling medium in a closed cooler, while the engine in a pipe-line 
pumping station would utilize the oil or gasoline being pumped 
through the line for cooling purposes. 

Few plants are so favorably situated that they can use a river 
or lake for a cooling source. Consequently it is necessary in 
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most instances to provide special cooling facilities sucli as a 
spray pond, cooling tower, or cooling pond. 

Where an internal-combustion-engine power plant is operated 
by a municipality in conjunction with a water- works system, it is 
sometimes possible to use *the raw water pumped to the water- 
treating plant as a source of cooling for the internal-combustion 
engines. 
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Fig. 92. — Mean lake temperature vs. heat input and air temperature in cooling 
ponds, wind velocity 6 mph. {Courtesy of Power.) 

123, Surface Cooling Ponds. — Surface cooling ponds do not 
involve the use of any mechanical equipment aside from a 
suction and discharge well. Having only its surface exposed to 
the air, the cooling efficiency is extremely low, Fig. 92, necessitat- 
ing a very large area if water temperatures are to be held to 
desirable levels. This method of cooling is generally not con- 
sidered reliable because of the possibilities of sudden water loss, 
earthing in of basin, and the great amount of heat absorbed from 
the sun. Algae growth, icing, and building up of concentrates 
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are other features difficult or costly to control. Maintenance 
costs vary too widely with a given installation to be comparable. 
Low pumping head and absence of drift losses are desirable 
features. 

124. Spray Ponds . — k spray pond consists essentially of a 
group of spray nozzles supported above a pond or basin, and the 
cooling of the water is effected through evaporation of a portion 
of the water and through the cooling effect of wind playing over 
the pond surface. There is a wide difference in cooling perform- 



icj. 93. — ^Large spray pond with part of the pond removed from service. {Cour- 
tesy of The Marley Company.) 


ance between the very small and the extremely large pond. The 
smaller spray pond is capable of somewhat better coohng and 
has a lower first cost, although it will show a greater drift loss 
when compared with a large pond on a gallon-per-minute-area 
basis. In comparing spray ponds with other types of cooling 
the characteristics of a pond of average size are usually con- 
sidered. Spray ponds of practical design are limited in cooling 
efficiency, which falls off rapidly with a decrease in wind velocity 
or adverse wind direction or both. Drift loss as well as ground 
area required are comparatively large for the ordinary spray pond, 
although drift loss can be minimized by the use of an effective 
louver fence around the pond which adds materially to the cost 
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of the installation. First cost* and maintenance costs are greatly 
affected by the basin design. The pumping head is relatively 
low resulting in economical pumping costs. Although spray 
ponds were widely used and still have a definite and important 
place in industrial water cooling, the number of installations 
being made today has sharply decreased since cooling towers 
have been demonstrated to have superior efficiency and economies 
under most operating conditions. 

125. Spray Towers. — Spray towers are in ejffect small spray 
ponds closely surrounded by a louver fence. The spray system, 
however, is located at the top of the tower and is directed down- 
ward in most cases. The efficiency of spray towers is better 
than that of spray ponds since they are not sensitive to wind 
velocity and direction. This is due to the induction of air by 
the pressure of the falling spray water in the tower during periods 
of wind stagnation or adverse direction. Drift loss is quite smal] 
from towers wdth effective louvered sides, and such .fine moisture 
as does escape is usually confined to the immediate site. 

Reasonably low pumping head, simplicity of design, ease of 
operation, and slight maintenance are desirable features. The 
original cost for the small spray tower is exceptionally low but 
increases with size to the point where a unit having a capacity of 
1,600 gpm or more is not always economical. Large-sized towers 
are very long owing chiefly to the fact that in order to make 
efficient use of the breeze through the tower, it must be kept 
narrow. 

126. Spray-coil Towers. — Spray-coil towers are spray towers 
with atmospheric heat-exchanger coils in the base. The spray 
tower cools the raw water which in turn cools the heat-exchanger 
coils as it is showered over the exterior of the tubes. Soft water, 
oils, and other liquids as well as gases are cooled by being cir- 
culated through the coil tubes. This combination of spray tower 
and atmospheric heat exchanger is particularly advantageous in 
that the medium being cooled within the exchanger is neither 
contaminated by contact with air nor lost by evaporation or 
drift. When water is the medium being cooled inside the 
exchanger tubes, the building up of concentrates, sludge, and 
scale-forming substances is eliminated. 

Spray-coil towers are widely used in the indirect cooling of 
jacket water for diesel and gas engines, compressors, and similar 



Art. 127] 


ENGINE COOLING 


225 


applications. Atmospheric heat exchangers are also combined 
with deck and mechanical-draft towers where the application 
demands that the tower have certain features not applicable 
in the spray type. 

NATURAL- DRAFT TOWERS 



Fiq. 94.— Cross sections of typical natural- and mechanical-draft towers. iCour- 

tesy of Power.') 


127. Deck Towers. — Deck towers depend for their cooling 
effect upon the falling of the water through a series of staggered 
trays or wood deflecting plates. They can be operated at high 
cooling efficiency provided that wind of appreciable velocity and 
from the proper direction is present, since the cooling efficiency 
of this type of equipment drops rapidly as wind velocity falls 
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below that upon which the tower performance is based. This 
sensitivity to wind velocity is due to the necessity of having air 
movement across the horizontal decks. Air movement by induc- 
tion or convection is not rapid enough to be effective during 
periods of calm. 

Drift loss is small in comparison to that experienced with 
the spray pond and' is less than for spray towers. This loss 
increases as wind velocity increases but not always in direct 


A B 



Fig. 95. — Variables affecting size and operation of cooling towers. (,Bischof.) 

proportion. The design of the louvered sides of a deck tower is a 
compromise between providing the freest passage of air and 
holding to a minimum the amount of water that escapes during 
high wind velocities. The required pumping head varies with 
the tower height and is, on the average, greater than for other 
types of cooling equipment. Like spray towers, the deck type 
must be built long and narrow. First cost gradually decreases 
from a relatively high figure for smaller sizes to a point where the 
price of a tower having a capacity of approximately 1,000 gpm 
or more is quite moderate. 
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128. Mechanical-draft Towers. — Mechanical-draft towers, 
either forced- or induced-draft type, employ mechanically 
driven fans to create the air currents required for cooling. 
They can be designed for high cooling efficiency under all condi- 
tions since the efficiency is entirely independent of prevailing 
wind velocities or direction and is controlled or varied by the 
speed of the fans as well as the number of fans in operation. 
Drift loss is almost negligible. Ground-area requirements are 
small in comparison with ponds or deck towers. 

Pumping-head requirements are somewhat high, but not so 
great as for deck-type towers. First cost, based upon compara- 
tive performance during all wind conditions, is low and particu- 
larly so for the larger installations. The additional power 
consumed for fan operation is usually offset by the savings 
effected because of the higher efficiency obtained. 

This type of equipment has been measurably improved during 
the past few years. It largely avoids the objectionable charac- 
teristics of other types of equipment such as drift loss, large 
ground area, poor appearance, and unreliable performance during 
low wind velocities. The large number of mechanical-draft- 
tower installations being made is evidence of their surpassing 
features and qualities. 

It is advisable to have a minimum of two fans installed on a 
mechanical-draft tower. The provision of at least two fans is an 
insurance against the possibility of extremely poor cooling in the 
event of fan or fan-motor failure. In a tower with a single fan, 
the inability of the Ian to operate reduces the cooling capacity 
of the tower materially. With at least two fans installed in the 
tower, the failure of a single fan during periods of extreme cooling 
requirements would not decrease the cooling capacity of the tower 
to the extent that would occur if only one fan were installed. 

129. Evaporative Coolers. — Evaporative coolers have been 
developed to meet the need for a compact and efficient water 
cooler in the internal-combustion-engine field. It is in effect 
a double-circuit cooling system and takes the place of the cooling 
tower and heat-exchanger combination.^ Softened jacket water 
is pumped through the cooler coil of either fin-tube or straight- 
tube design constructed of copper or other suitable metal. 
The coil is kept moistened from a spray system supplied by a 
small centrifugal pump which recirculates water from the supply’' 
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Fig. 96. — Demonstration model of evaporative cooler showing construction 
details. {Courtesy of Niagara Blower Company.) 
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Capacities When Used por Water Cooling 



“ To obtain Btu per hour capacity of liquid cooler, multiply factor corresponding to 
ntering water temperature and entering air wet bulb temperature by the basic rating of the 
liquid cooler at the quantity of water given. 


Water Friction Loss — Table in Feet Heap 
Model (jrprn water circulated 

number 20 40 60 80 100 120 140 160 200 250 I 300 | 350 | 400 

20 iTO 4.0 972 1673 

25 ... 4,8 11,2 19.6 29.6 

30 ... 2.8 4.8 8.8 13.6 19.2 25.6 

35 ... 2.8 4.8 8.8 13.6 19.2 25.6 

40 5.6 9.6 14.8 21.2 28.8 37.2 

45 5.6 9.6 14.8 21.2 28.8 37.2 12 

60 4.4 7.2 10.4 14.8 19.2 25.2 38.4 

75 4.4 7.2 10.4 14.8 19.2 25.2 38.4 


8 

8 


12 

12 


16 

16 


21 

21 
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tank in the bottom of the cooler. Air is drawn over the wetted 
coil by means of a pressure-type fan, and evaporation of water 
on the coil surface produces the cooling of the jacket water inside 
the coil. 

Water to replace that lost from the supply tank through 
evaporation on the surface of the coil is furnished by means of a 
supply line controlled through the operation of a float valve. 
This make-up water should be softened to prevent the formation 
of scale on the fin tubes through evaporation. The amount of 
make-up water required is approximately 1 gpm for each 500,000 
Btu dissipated per hour. 

Essentially this type of unit employs a relatively small quantity 
of water on the cooling side together with a large volume of air. 
For example, a unit with a cooling capacity of 3,000,000 Btu 
per hr for a 1,000-hp engine operating at full load would evaporate 
water at the rate of 6 gpm and circulate air at the rate of 14,000 
cfm in the process. 

In locating a unit of this character, which is usually designed 
to be installed inside the power plant or engine room, provisions 
should be made to take the required circulating air both from the 
outside and inside of the power plant. During the summer 
months a unit of this type can be used for ventilation by taking 
air from inside the engine room, and in the winter a major portion 
of the air requirements can be taken from outside the building. 
It is necessary to temper the air taken from the outside when it 
drops to 35 F by the inclusion of air from inside the building to 
prevent freezing of the spray system. By shutting ofl the water 
sprays and circulating the air in the building through the cooler, 
it can serve to heat the building during winter periods. 

130. Radiators. — Radiators of the fin and tube type, com- 
parable in general appearance to the radiator on an automobile, 
have been used for internal-combustion-engine cooling in both 
stationary and mobile service. Units of this type depend 
entirely upon cooling the water in the coils by raising the tem- 
perature of the air passing over them. Since the specific heat 
of air is relatively low, requiring only 0.01812 Btu to raise a 
cubic foot of air one degree at 70 F, the quantity of air that must 
be circulated becomes very great when any extensive amount of 
cooling is required. For example, if the air temperature is 70 F 
with the average water temperature in the cooling radiator at 
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120 F, and with 3,000 Btu removed per engine horsepower, it 
would require the circulation of approximately 120 cfm of air 
to remove this quantity of heat. Thus to cool the water for a 
total of 1,000 bhp operating would require the circulation of 
120,000 cfm of air through the radiator. 

It is readily apparent that radiator cooling is best adapted to 
small-engine installations. When engines are large (500 bhp and 
larger), and particularly when several large engines are operating 
together, the necessary radiator capacity for cooling becomes too 
unwieldy for satisfactory operation in comparison with other 
satisfactory cooling methods available. For the small installa- 
tion, however, the radiator can be used in many instances very 
advantageously. 



Velocity of water «rouno! tubes^ ft. per sec. 

Fig. 98.- -Heat-transfer rate for shell-and-tnbe-type water coolers. {Courtesy of 
Schutte <& Koerting Company.) 

131. Closed Tubular Heat Exchangers. — Shell and tube heat 
exchangers are used to advantage for cooling the engine-jacket 
water in water- works and pipe-line installations. In these 
instances the heat-absorbing medium is the water being pumped 
for human consumption in the case of the water-works installa- 
tion, or the petroleum product being pumped through the pipe 
line in case of the pipe-line pumping station. 

The cooling area required in a shell and tube heat exchanger 
can be approximated by the use of data for heat absorption 
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contained in Fig. 98. The mean temperature difference can 
be obtained from the equation 


MTD 


Bg — 6>b 

2.3 log (I) 


(31) 


where 6 a == greatest temperature difference. 
db — least temperature difference. 

If, for example, jacket water from the engine enters the cooler 
at 145 F and leaves at 135 F and the raw water enters at 80 F 
and leaves at 95 F, then 


da - 145 ~ 80 = 65 
6>, = 135 - 95 = 40 


and 


MTD = 


65 - 40 
2.3 log 


= 52 


For a water velocity of 2 fps through the tubes with a velocity 
of 1.5 fps for the raw water around the tubes the heat transfer 
would be 310 Btu per sq ft per hr per deg MTD (Fig. 98) and 
the total heat transfer under the conditions considered would 
be 52 X 310, or 16,120 Btu per sq ft per hr. ' Fouling of the heat 
exchanger in service must be allowed for, and it would be safe 
to assume that the heat transfer would be 75 per cent of the value 
computed under average conditions. 

132- CooHng-tower Basins. — Basins for either spray ponds or 
cooling towers deserve considerable study, both from the stand- 
point of the hydraulics involved in the circulation of water 
through the cooling-system piping in the plant and from the 
standpoint of basin cleaning while maintaining the cooling system 
in service. 

An examination of many basins for both spray ponds and 
cooling towers indicates that a gradual accumulation of dirt and 
rubbish in the basin occurs regardless of the care that is exercised 
by the plant operating staff in the maintenance of the cooling 
system. This extraneous material has the unfortunate habit 
of accumulating on or near the intake to the pump suction of the 
cooling system and, in several instances, has effectively stopped 
water flow from the basin. Furthermore, in those cases where a 
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basin for the cooling system is installed in a locality where dirt 
can be blown into it, considerable difficulty is experienced with 
clogging of pumps, valves, fittings, and strainers. 

These conditions, which have been observed in operating 
practice, have caused the organization with which the author 
is associated to provide divided basins for cooling towers and 
spray ponds arranged so that one-half of the basin can be taken 
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PLAN OF COOLING TOWER BASIN 



SECTION THROUGH COOLING TOWER BASIN 

Fig, 99. — Details of divided cooling-tower basin so arranged that one-half of the 
basin can be taken out of service for cleaning. 

out of service, cleaned, and put back into operation during low- 
load periods when the demand for cooling is not equivalent to 
the maximum capacity of the tower or pond. By taking one-half 
of the basin at a time, it is possible to clean it effectively, keep 
cooling service up to the requirements of the station at all times, 
and eliminate the danger of a cooling-water shortage due to the 
stoppage of a pump or plugging up of a valve, line, or strainer. 
The ability to remove one-half of the basin from service for 
cleaning, thereby discarding the water contained in that half," 
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has the further advantage of reducing the concentration of 
mineral salts in the water when the basin is replenished after 
cleaning. 

A typical construction for such a cooling-tower basin showing 
the division of the basin as well as the pump suction well is shown 
in Fig. 99. In this particular construction, the basin floor 
slopes toward the suction well in order that dirt and rubbish will 
accumulate in the low portions where it can be more readily 
cleaned out. Each half of the basin is equipped with an intake 
screen arranged so that the entire suction well is protected from 
falling leaves and other debris. The sloping screens have the 
further advantage of being more easily cleaned than a vertically 
set screen. 

133. Cooling by Evaporation. — The temperature to which 
water can be cooled by evaporation in either a spray pond or 
cooling tower is limited by the wet-bulb temperature prevailing 
in the locality. Wet-bulb temperature^ is that temperature 
attained by a thermometer with its bulb kept constantly mois- 
tened as differentiated from normal atmospheric temperatures 
determined with a thermometer having a dry bulb. 

While the wet-bulb temperature is the lowest limit to which 
water can be cooled by evaporation, this temperature is only 
approached but never realized in practice. Economic con- 
siderations in the application of either spray pond or cooling 
tower limit the closeness with which the temperature of the 
cooled water approaches the wet-bulb temperature. It is 
economically possible with a mechanical (either forced or 
induced) draft tower to cool water to within 10 F of the wet-bulb 
temperature, while spray or deck-type towers can cool to within 
15 F of the wet-bulb temperature economically. Water in a 
spray pond can be cooled only to within 16 to 18 F of the wet-bulb 
temperature. 

A valuable aid in the determination of the cooling limitations 
of any evaporative cooling equipment, such as spray ponds or 
coohng towers, are the summer wet-bulb temperature data for the 
United States given in Fig. 100. For example, this map shows 
that Evansville, Ind., has a maximum wet-bulb temperature 

^ Millikan, Robert Andrews, Henry Gordon Gale, and Charles 
William Edwards, “A First Course in Physics for Colleges,** p. 282, 
Ginn and Company, Boston, 1928. 
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Fig. 100. — Summer wet-bulb temperatures. {Courtesy of The Marley Company.) 
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of 78 F, while Denver, Colo., has a maximum of 64 F. Thus 
mth a mechanical-draft tower, water can be cooled to 78 + 10, 
or 88 F, at Evansville, while at Denver the temperature of the 
water can be reduced to 64 + 10, or 74 F, during the summer 
months. 

The values for wet-bulb temperatures shown on the map will 
not be exceeded more than 5 per cent of the time during the 
months of June to September. An analysis of experience with 
evaporative cooling installations in various parts of the United 
States indicates that designs based upon wet-bulb temperatures 
which are not exceeded more than 5 per cent of the time during 
these months give satisfactory results without requiring an 
excessive investment in cooling facilities. 

134- Proportioning Pipe Sizes. — What pipe size should be used 
for cooling-'water lines? The size line employed in any cooling 
system should be such that the required quantity of water is 
circulated for the lowest cost. If the pipe size employed is too 
small, an excessive amount of power will be required for pumping. 
Should the pipe size be too large, the fixed charges on the piping 
investment will be larger than any possible savings in power 
costs. The proportioning of the piping for the engine-cooling 
system, therefore, resolves itself into consideration of both 
economics and engineering design. 

Power required for circulating water through any piping system 
is employed to lift the water from its initial position to the 
position desired and to overcome the friction resisting the flow 
of the water through the pipe, fittings, and valves forming the 
transportation system. The difference in elevation between the 
point from which the water starts and the point where it is 
desired is known as staitc head and is usually expressed in feet 
of 'water. The friction loss in transporting the water through 
the pipe is known as friction head and is also usually expressed 
in feet of water. 

If water is pumped through a horizontal pipe and discharged 
at the same elevation as it entered the pump suction, there is no 
static head to overcome, and the power required for pumping 
is used to overcome the friction head of the piping system. A 
similar condition may occur in the jacket-water side of a closed 
cooling system where the pumps take suction from a hot well 
and after passing the water through a cooler and then through 
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the engine discharge it back into the hot well again. The 
pumping of the water over a cooling tower represents a condition 
where both static head or the height of the point of water dis- 
charge above the water level in the tower basin and friction head 
or the friction in the piping system are present. 

135. Piping Losses- — Determination of losses in the piping 
system can best be shown by means of an example. 

Consider the layout of a single-circuit or open cooling system, for an engine 
about which the following information is known : 


Engine brake horsepower 500 

Heat dissipation per brake horsepower-hour 3000 Btu 

Temperature rise of cooling water 15F 

Water circulated per brake horsepower (see Fig. 86) 0 . 4 gpm 

Total water circulated (500 X 0.4) = 200 gpm 

Consider also that the following quantity of pipe and fittings are required 
to form the system. 

Pipe, linear feet 300 

90~deg elbows 8 

Gate valves 2 

Swing check valves 1 

Entrance from basin 1 


It is also known that the static head over the cooling tower in the system 
is 30 ft and that the loss through the engine jackets is 7 ft. 

Friction loss in fittings can be determined in several ways, although one 
of the simplest is to express the resistance in terms of equivalent length of 
straight pipe. The nomographic chart, Fig. 101, gives the resistance of 
various types and sizes of fittings and is satisfactory for the hydraulic 
calculations involved in the layout of intemal-combustion-engine cooling 
systems. 

In the example under consideration, calculations of the head loss through 
pipes of 3, 4, and 6 in. will be made for comparative purposes. All calcu- 
lations can be shown in Table 34. 

The first step is to deterfnine the equivalent length of the piping system 
in terms of feet of straight pipe. In this calculation, the resistances of the 
valves and fittings are converted to equivalent lengths of pipe by the use 
of the chart, Fig. 101, and these equivalent lengths added to the length of 
pipe in the system to obtain the total equivalent length. Thus the equiva- 
lent length of 3-in. pipe is 376.3 ft; 4-in. pipe, 410.5 ft; and 6-in. pipe, 471 ft. 

The second step is to determine the friction loss when passing 200 gpm 
through the piping system. Friction losses in pipe ranging from 1 to 42 in. 
diameter and for rates of flow from 1 to 100,000 gpm are given in Fig. 102. 
This chart is based upon the Hazen- Williams equation for friction losses in 
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Fig. 101. — ^Resistance of valves and fittings to flow of fluids. {Courtesy of Crane 

Company.') 
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pipes. Starting from the value of rate of flow in gallons per minute at the 
bottom of the chart, proceed vertically upward until the diagonal line for 
the pipe diameter is reached. From this intersection point proceed hori- 
zontally either right or left and read the head loss expressed in feet per 100 ft 
of pipe. Thus the friction loss when passing 200 gpm through a 3-in. pipe 
is 18 ft per 100 ft of pipe, and the friction loss for the other pipe sizes as 
taken from the chart are shown in Table 34. The total pipe friction is 
obtained by multiplying the equivalent pipe length, expressed in hundreds 
of feet, by the friction loss per 100 ft. To this is added the friction loss 
through the engine and the static head of the cooling tower to obtain the 
total pumping head. 

Table 34. — Calculation of Head Loss in Pipes 


Pipe diameter, inches 

3 

4 


Flow, gpm 

200 

200 

200 

Velocity, feet per second .... 

9.08 

5.11 

2.27 

Length of pipe, feet 

Equivalent pipe length for: 

300 

300 

300 

Eight 90-deg elbows 

60 


136 

Two gate valves 

5.6 

8 

13 

One check valve 

6 

8 

12 

One entrance 

4.7 

6.5 

10 

Total equivalent length of pipe 

1 376.3 

410.5 

471 

Head loss per 100 ft, feet (Fig. 102) 

! 18 

4.4 

0.61 

Pipe friction loss, feet 

. . . . 68 

18.1 

2.9 

Friction loss through engine 

7 

7 

7 

Static head over tower 

30 

30 

30 

Total pumping head, feet 

! 105 

55.1 

39.9 

Relative pumping head, per cent 

j 100 

52.5 

38.0 


From this series of calculations it is seen that increasing the pipe diameter 
3 to 4 in. practically cut the pumping head in half, while increasing 4 to 6 in. 
-only reduced the total pumping head about 28 per cent. 

136. Pumps. — Cooling-water pumps used in internal-com- 
bustion-engine plants are practically all of the centrifugal type 
since this type is simple in construction, low in cost, and can 
operate under a wide variety of conditions. Liquid entering 
the center of the rotating impeller is accelerated to a high velocity 
and discharged by centrifugal force into the pump casing and 
out the discharge. For most conditions encountered in internal- 
combustion-engine plants, the single-stage single-suction pump 
will suffice since its total discharge head is usually sufficient and 
the quantity of water handled is not so great that the double- 
suction type is required. 



Flow,g.p.m, 

20 30 40 5 6 189100 2 3 4 5 6 1691000 2 3 A 6 618910.000 


240 


DIESEL- AND GAS-ENGINE POWER PLANTS [Chap. XII 



Constant 

c 

Correcting 

factor 

140 

0.54 1 

130 

0.62 

120 

0.71 

110 

0.84 

100 

1.00 

90 

1.22 


13- to 20-yr>oTd Cl pip 

90 1.22 '26^to 30-yr old-CI pipe 

Note: Correction factor applies to head loss only. 


Type of pipe 

Very smooth and straight brass pi^^ Very best and new 

str aight Cl pipe — 

Or HiVtar y straight brass pipe or copper tubing or good new Oi 

pipe 

Smooth new WI pi pe or 4- to 6-yr-old Cl — t — 

Spiral riveted steel pipe; flow with l ap or 10- to 12-yr-old Cl pipe 
Or Hin ary WI pipe spiral riveted steel pipe flow against lap- 
13- to 20-yr-ord Cl pipe 
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A trend in the construction of the single-stage single-suction 
pump is to provide the suction in the center of one side of the 
pump casing with the discharge leading from the pump casing 
in whichever direction around the periphery of the pump is 
found convenient. This type, known as the single-stage end- 
suction pump, is usually mounted directly on the motor driving 
it, permitting installation in a minimum of space and eliminating 
checking of alignment of pump and motor during installation. 
Where a centrifugal pump employs side suction and side dis- 
charge, it is found advisable to equip the pump with a split 
casing so that the upper half can be removed for inspection and 
maintenance as the occasion may require. 


160 

140 

\ 120 

hoo 

^ 80 
> 

60 
40 

20 40 60 80 100 120 140 

Per cent rated capaci+v 

Fig. 103. — Probable range of head-capacity relationship for centrifugal pumps 

handling water. 



Since the centrifugal pump moves the liquid by imparting a 
velocity to it and not by direct displacement as is the case in a 
plunger pump, the quantity of liquid which a particular centrif- 
ugal pump will discharge in a given time is influenced by the 
pressure or head against which the pump must operate. This 
relationship between the rate of liquid discharge and the head 
against which it is discharged is determined by the design of the 
particular pump and can be varied in the design within certain 
limits. The approximate range in the relationship between the 
pumping head and capacity of the pump is shown in Fig. 103- 
Curve A is the head-capacity curve of a pump having a flat-head 
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characteristic, t.e., a considerable variation in the rate of dis- 
charge of water occurs with a slight change in the pump discharge 
head. An increase of 5 per cent in the discharge head wdll 
decrease the quantity of fluid pumped by 15 per cent, while 
an increase of 15 per cent in head will reduce the pump discharge 
rate 70 to 80 per cent. It will be noticed further that the dis- 
charge head is practically constant for rates of discharge ranging 
from no flow to 40 per cent of rated pump capacity. On the 
other hand, curve B, for a pump having a steep-head charac- 
teristic, indicates that an increase of 15 per cent in the pumping 
head will only reduce the discharge rate about 13 per cent. In 
order to stop the pump from discharging water, it is necessary 
to increase the head 50 per cent above that for which the pump 
was designed. The discharge head for zero flow is known as 
the shut-off head. 

In many instances, pumps having a characteristic similar to 
that shown in curve A have been installed for operation in 
parallel. After installation it was discovered that practically 
no more water could be discharged from the two pumps operating 
in parallel than could be discharged from a single pump. The 
reason for this condition lies in the fact that when the rate of 
water flow through the piping system increased the friction head 
on the system increased. With an increase in the head against 
which the pumps must operate, the rate of pumping decreased. 
This increase in friction head, and consequent increase in total 
pumping head, has generally dictated the use of steep-head 
characteristic pumps for cooling-water service. It is only after 
a thorough analysis of the entire hydraulic system, including 
friction and static head losses of the piping as well as the head- 
capacity characteristics for several pumps, that the correct 
head-capacity characteristics for the pumps can be determined. 

The horsepower required to drive a pump is determined by 
means of Eq. (1), Chap. V. 

137. Selection of Pumps. — ^As previously pointed out, the 
selection of the correct pump requires a study of the hydraulic 
characteristics of the system and the head-capacity charac- 
teristics of the pumps used to circulate the water through the 
system. The first step necessary is to determine the head- 
capacity characteristics of the system through which the water 
is being pumped. In Fig. 104 is shown the head loss through 
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the raw- water side of a cooling tower used for a closed or two- 
circuit cooling system in a typical case. The curve for the 
total head loss through the system shows that with no water 
flowing the head on the system is 27 ft. This is the static head 
to which must be added the friction head of the piping system for 
different rates of flow through it. Thus at a flow rate of 600 
gpm the total head is 29 ft, while at 1,000 gpm it is 33 ft, and at 
1,500 gpm it is 40.5 ft. The problem becomes one of selecting 
suitable pumps to deliver quantities of water varying from 500 to 
1,500 gpm as required by the plant operating conditions. 



200 400 600 800 1000 1200 1400 1600 1800 


Flow, gpm 

Fig. 104. — Head-capacity curves for pumps and piping system. 

The pumps selected consisted of one 400-gpm and two 850-gpm 
units. It was required that one unit discharge 400 gpm against a 
head of 37 ft and that the shut-off head be 43.5 ft while the 
other two pumps were each to deliver 850 gpm against a head of 
37 ft with a shut-off head of 46 ft. From the head-capacity curves 
of pumps and system it is seen that with the 400-gpm unit in 
operation the rate of water delivery would be 560 gpm at a head 
slightly under 29 ft. A single 850-gpm unit would deliver 950 
gpm to the system at a head of 32 ft. By operating a 400-gpm 
and an 850-gpm unit in parallel, 1,270 gpm would be delivered 
to the system against a total head of 36.5 ft, while with the two 
850-gpm pumps operating in parallel 1,480 gpm would be 
delivered to the system against a head of 40 ft. 
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In reality the installation of the three pumps selected permits 
delivery of water to^the system at four rates, namely, 560, 950, 
1,270, and 1,480 gpm depending upon whether a 400-gpm, an 
850-gpm, or a combination of these pump sizes is employed. 
The only means by which diferent quantities of water can be 
delivered to the system with this combination of pumps is either 
to increase or decrease the total head against which the pumps 
must operate. Thus, if it is desired to pump less than 560 gpm 
with the 400-gpm pump operating, it will be necessary to throttle 
the pump by partially closing the valve in the pump-discharge 
line to increase the friction head and thus decrease the 
flow. 

The curves for head capacity of two pumps operating in 
parallel are determined by adding the quantity of water delivered 
by each pump at a given head condition. 

In this connection it is interesting to note that many operators 
purchase pumps for the correct quantity of water to be delivered, 
but purposely increase the discharge head of the pump to be cer- 
tain they obtain sufficient water. In many instances when this 
is done, owing to the characteristics of centrifugal pumps, the 
quantity of water pumped is considerably in excess of their 
requirements, an overload is put on the motor driving the pump, 
and the motor either overheats or burns out because of the 
overload. 

Whenever a condition of this kind occurs, the load on. the 
motor can be brought within its capacity by the simple expedient 
of closing the gate valve in the pump discharge slightly to increase 
the pump-discharge head. This decreases the rate of flow of 
water from the pump, decreases the load on the motor, and the 
excessive temperature in the motor windings immediately 
disappears. 

138. Water Treatment. — Water treatment is generally required 
in conjunction with the cooling system in an internal-combustion- 
engine installation since most natural water supplies in the 
United States contain some dissolved mineral salts. The 
quantity of these salts per unit volume of water determines 
their suitability for use in cooling. In general the four mineral 
compounds found dissolved in natural-water supplies which 
cause the most difficulty are the following: 
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Fig. 105. — Average hardness, by states, of water furnished by public supply 
systems. {United States Geological Survey data.) 

occur in any quantity, they may cause considerable difficulty 
in the scaling of engine jackets. 

In some instances free oxygen is found in the water. The 
presence of bicarbonates always indicates the ^ presence of free 
carbon dioxide. These gases, which are freed when the water is 
heated, cause corrosion of metal surfaces, and if steps are not 
taken to remove them they will cause severe pitting of engine 
jackets over a prolonged period of time. 

The carbonates, sulfates, and silicates upon being heated 
deposit out in the form of scale. The carbonates of magnesium 
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and calcium form a relatively soft scale, while the sulfates form 
scales that are very hard and adhere closely to the metal. Sili- 
cate scales when formed are glassy hard and are extremely 
difficult to remove when they have once deposited in the cooling 
water passages of an engine. 

If, for example, an open or single-circuit coohng system with 
a spray tower for cooling the water is used, the make-up water 
which must be added to the system to replenish that lost from 
the tower through evaporation and drift is constantly bringing 
more calcium and magnesium compounds into the cooling 
system. Since the hottest spot in the system is the surface of 
the cylinder Hners and cylinder heads with which the water 
comes in contact, and since water upon being heated sufficiently 
will deposit out the mineral salts in solution, there is a constant 
depositing of the mineral salts in these locations. These deposits 
of scale act as an insulator and prevent the flow of heat through 
the metal walls of the cylinder and cylinder head into the cooling 
water. After a relatively short period of operation with such a 
system, it is necessary to shut down the engine and remove the 
scale deposits in order to secure satisfactory cooling of the engine. 

An operating scheme of this character is entirely unsatisfactory, 
and if such an arrangement is to be used, all water entering the * 
system must be treated to prevent this rapid accumulation of 
scale at those places in the engine most vitally affected by 
improper cooling. 

Even when a double-circuit cooling system is employed, con- 
sideration must be given to the mineral content of the water used 
for the closed or Jacket- water side of the system in order that too 
great a scale deposit is not produced over a long period of 
operation. 

In general two methods of water treatment are being used, 
although in any particular instance it is always advisable to 
consult a reputable water chemist to ascertain the type of water 
treatment necessary. The tz-eating method most widely used 
in internal-combustion-engine power plants employs zeolite, 
although in some instances a treatment using either lime or 
lime and soda ash is required. 

The zeolite-treating method consists in using a complex, 
insoluble mineral compound consisting essentially of double 
silicates of aluminum, iron, or both. When containing a sodium 
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base, they possess the property of being capable of exchanging 
that sodium for the calcium and magnesium contained in hard 
water. After a sufficient quantity of water containing calcium 
and magnesium salts has been brought in contact with the zeolite 
to replace all the sodium with calcium and magnesium, the 
material is exhausted and the passing of additional hard water 
through the zeolite will result in no change in the hardness of 
the water. The zeolite can be brought back to its original 
condition, however, by treating it with a salt solution. The 
strong salt solution acts upon the zeolite to remove the calcium 
and magnesium and replace them with sodium in the zeolite. 
After this recharging operation has progressed to completion, 
the remainder of the salt solution together with the calcium and 
magnesium salts removed from the zeolite is drained to waste, the 
zeolite is washed, and the softener is again ready for its duty of 
removing calcium and magnesium from the water to be treated. 
This operation can be compared with the operation of an auto- 
mobile storage battery. The softening of the water by the 
removal of calcium and magnesium and replacing them with 
sodium is comparable with starting an automobile from the 
storage battery. A prolonged starting period drains the battery 
down, and it is necessary to recharge it before it is capable of 
performing satisfactorily again. 

The second method of softening consists in using either lime 
or lime and soda ash with the water to be treated in a suitably 
arranged tank in order that chemical reactions between the 
bicarbonates of magnesium and calcium and the lime take place 
and insoluble compounds are formed which precipitate. These 
reactions of lime and calcium and magnesium bicarbonates are 
shown by the following chemical equations: 

Ca(HC 03)2 d- Ca(OH)2 2 CaCOs + H2O 

Calcium + lime calcium carbonate + water 

bicarbonate (Precipitate) 

Mg(H 003)2 + 2Ca(OH)2 Mg(OH)2 + 2CaC03 d- 2H2O 
Magnesium -f- lime Magnesium d- calcium d- water 

bicarbonate bydroxide carbonate 

(Precipitate out) 

The first of these equations represents the lime softening in 
its simplest form. Both the chemical added and that which was 
already in the water are precipitated. In addition to the lime 
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shown by this equation, enough lime must be present to react 
with any carbon dioxide in the water and be itself precipitated 
as calcium carbonate. Calcium carbonate is slightly soluble, 
so that the reaction does not go to completion. There will 
usually be 25 to 40 ppm of calcium carbonate remaining in the 
treated water. 

Examination of the second equation shown above reveals that 
twice as much lime is required for the removal of magnesium as 
for calcium. Furthermore, the reaction will not take place 
unless the water is caustic. Additional lime is required to 
produce this causticity, and after the removal of the precipitated 
magnesium hardness, the excess causticity must be neutralized 
with acid. 

If the calcium and magnesium are combined in any form except 
the bicarbonate, they cannot be removed with lime alone. Soda 
ash is used, and the typical reaction with calcium sulfate is as 
follows : 

CaS 04 + NaaCOs -> CaCOs + 3 Nra 2 S 04 
Calcium sulfate + Soda ash Calcium carbonate -h Sodium sulfate 

(Precipitated) (Remains in solution) 

Following the lime or lime-soda ash treatment, the water should 
be filtered. Filtration is not required following the zeolite 
treatment. 

The lime, the lime-soda ash, the zeolite, or the lime-zeolite 
type of treatment can each be adapted to either an open or a 
closed pressure-type system. 

If the amount of water to be softened is small, it will probably 
be found that the pressure-t 3 rpe zeolite softener will be preferable 
in most internal-combustion-engine power plants because rela- 
tively little technical knowledge of water softening is required 
for its successful operation. There are some cases, however, 
where the zeolite treatment will not produce a satisfactory water, 
and in those instances other treating methods must of necessity 
be used. 

Sodium hexametaphosphate [(NaP 03 ) 6 ], marketed under the 
trade name of Calgon, which is being used in connection with 
municipal water-supply systems as a means for preventing the 
precipitation of calcium carbonate in water-distribution mains, 
has been found to be an effective chemical to add either in the 
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jacket water of aa internal-combustion-engine installation or 
in the raw-water side of a double-circuit cooling system. When 
sodium hexametaphosphate is added to the water in a cooling 
system it prevents deposition of calcium carbonate in the engine 
jackets and effectively keeps this chemical in solution at elevated 
temperatures. 

Where sodium hexametaphosphate is used as a treatment, 
either alone, or as an aftertreatment with zeolite-softened 
water, it is necessary to maintain a concentration of 2 to 5 ppm 
of the chemical in the water being circulated. It is also neces- 
sary to remove some water from the system, preferably at a 
constant rate, to keep the total mineral content of the water 
in the system below a predetermined concentration. This 
amount of removal is usually found to be about one-third of the 
water required for make-up purposes. 

Thus in order to make effective use of this compound for 
conditioning engine-cooling water it is found necessary to keep a 
definite amount of the material in solution at all times, and in 
addition it is found necessary to limit the total amount of salts 
dissolved in the cooling system to a definite maximum by 
replacing a portion of the circulated water with fresh water. 
Experience in many instances with this material has proved it 
to be an excellent as well as a low-cost method of water treating. 
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CHAPTER XIII 

INTAKE AND EXHAUST SYSTEMS 


The successful operation of an internal-combustion engine is 
so closely related to adequate and correct intake-air and exhaust- 
system construction that too much emphasis cannot be placed 
upon them. Intake air must be supplied to the engine free of 
foreign materials, which would cause damage or injurious wear 
to working parts, and in quantities sufficient for proper combus- 
tion of the fuel. The exhaust system must handle the dis- 
charged gases with a minimum of pressure drop and noise. 

139. Air Requirements of Engines. — The quantity of air 
required for proper combustion and scavenging will be controlled 
by the type and design of engine. Although there is considerable 
variation in the quantity of air needed by the various types of 
engines, it is not particularly great when comparison is made 
between engines of a given type produced by different builders. 

Tabi^ 35. — ^Ara Reqtjibed by Vabiotjs Types op Diesel Engines 


Type of engine 


Air required per 
rated bhp 

Lb per hr | Cfm at 60 F 


4-stroke cycle mechanical-inj ection 10-13 2 . 2—2 . 8 

4-stroke cycle air-injection 12-15 2 . 6—3 . 3 

2-stroke cycle mechanical-injection, pump-scaveng- 
ing. 22-23.5 4.8-5. 1 

2-stroke cycle air-injection 20-22 4 . 3—4 . 8 

2-stroke cycle mechanical-injection crankcase- 

scavenging 18 3.9 


Note. — For air volumes at other temperatures apply the following corrections: 


Ternperature. 
Multiplier. . . . 


70 80 90 100 

1.02 1.04 1.06 1.08 


All volumes are calculated on. the basis of dry air and a barometric pressure of 29.921 in. 

[g. 
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This is shown in Table 35 giving the air requirements for various 
types of engines. 

140. Air Filters. — Intake air for any internal-combustion 
engine should be cleaned prior to admission to the engine. 
Examination of carbon deposits on cylinder walls and piston- 
ring grooves of engines that have not been jprovided with air- 
cleaning equipment shows that over 40 per cent of it is foreign 



Fig. :| 06 . — Dry-type filter designed for intake-air silencing. {Courtesy of Stayriew 

Filter Corp,) 

matter entering with the air. A considerable portion of this 
foreign material is silicates which, in the presence of the heat in 
the cylinder, fuse into glassy abrasive particles. 

Air pollution varies from the high concentrations of several 
pounds per 1,000 cu ft in the desert sections of the western 
United States during severe dust storms to less than 0.2 grains 
per 1,000 cu ft in some areas. Even this latter relatively low 
dust concentration if not removed will, over a period of time, 
cause difficulties within the engine. 
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There are four types of filters available for removing dust 
from engine intake air classified as follows: 

1. Dry type. 

2. Viscous-impingement type. 

3. Oil-bath type. 

4. Electrostatic-precipitator type. 


Rlterlng media — contin- 
uous strands of galvan- 
ized wire, double crimp- 
ed and packed to give 
graduated vanafcion in 
density. 


Horizontal partitions 
hold filter media secure- 
ly and provide viscosine 
reservoirs. 




Fig. 107. — Viscous-tsrpe air-filter unit. {Courtesy of American Air Filter 

Company^ 


Dry-type filters are constructed of either fabric or spun-glass 
fiber through which the air is strained as it passes to the engine . 
The spun-glass type of filter has not been used in air-filtering 
service for internal-combustion engines to any extent. On 
the other hand^ fabric filters emplo 3 dng a filtering type of fabric 
or felt as produced by Protectomotor and Coppus, Fig. 106, 
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have been used extensively with satisfactory^ results. This type 
of filter is cleaned by removing the filter element at frequent 
intervals and blowing off the accumulated dirt with compressed 
air, or cleaning with a vacuum cleaner. 

The viscous-impingement type of filter consists of a frame 
into which is packed stranded or crimped wire or a series of wire 
screens of graded mesh starting with a coarse-mesh screen on 
the air-inlet side and ending with a fine-mesh screen on the outlet 
side of the filter. Before being put into operation, filters of this 
type are dipped in a bath of oil to saturate the entire filter 
structure. Dust contained in the air passing through a unit of 
this type is caught and held by the oil adhering to the wire mesh 
or filler. When dust saturation is reached in 2 to 6 weeks under 
normal conditions, it is necessary to remove the filter element, 
clean it, and recharge it with oil. Air velocities through this 
type of filter should range from 350 to 450 fpm. The pressure 
drop through a clean filter for these velocities will vary from 0.25 
to 0.375 in. of water. The efficiency of this type of filter is high 
and will remain so provided the filter units are cleaned regularly 
and the entire filter unit maintained in first-class condition. 

In order to eliminate some of the cleaning difficulties inherent 
in this type of filter, a continuous automatic filter has been 
developed- This unit combines the cleaning and recharging 
operation within the filter housing. All filter elements are con- 
nected to a continuous chain so arranged that a filter cell can 
be cleaned and a freshly charged filter put into operation auto- 
matically without allowing any unfiltered air to get into the 
engine air-intake line. Automatic filters are usually not recom- 
mended for use with two-stroke-cycle pump-scavenging engines 
because the pulsating air flow causes excessive wear of the filter 
conveyor chains unless means are provided to eliminate effec- 
tively these pulsations at the filter. 

The oil-bath type of filter operates practically the reverse of 
the viscous-impingement type in that the air must pass through 
an oil spray which coats the dust particles and these in turn are 
trapped on a filtering medium. Thus instead of the dust striking 
a filter which is saturated with a viscous material, the dust 
particles are first coated with a viscous oil and then trapped 
by the dry filtering material. Heavy dust particles sink into 
the oil bath and do not reach the filter. Several makes of oil- 
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« The next larger size housing will be furnished with opening for one filter cell blanked off. 

Four cylinders or more. 

« Two cylinders or more. 

NOTE.—Performance shown above is the maximum permissible for each size filter. Most satisfactory r^ults will be obtained by using the next 
larger size filter when the performance is close to the maximum indicated above. 
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bath filters are on the market all operating on the same general 
principle. The major maintenance item is oil cleaning. Because 
of the accumulation of dirt in the oil it will sludge and must be 
replaced at frequent intervals, or the efficiency of the filter will 
be greatly reduced. 

The electrostatic preci'pitator^ which has been used extensively 
in industrial service and buildings for air cleaning and the removal 
of cinders and other injurious materials from stack gases, offers 
an interesting possibility for cleaning the air supply for engines. 
Development work with this type of air-cleaning equipment in 
recent years ^ has shown that it can be used satisfactorily for 
cleaning air entering residences, office buildings, and other air- 
conditioning installations. The friction loss of the air passing 
through the precipitator is extremely low and does not increase 
as the quantity of dirt which has been removed by the precipita- 
tor increases. The efficiency of this type of dirt-removal unit 
is extremely high and is not influenced materially by the increase 
in the quantity of dirt removed by the air passing through the 
unit. 

While this unit is open to the objections that it is somewhat 
more expensive than the other types discussed and that it is 
necessary to employ high-voltage equipment for the efficient 
precipitation of the dirt from the air, the possibilities for the use 
of electrostatic precipitation for cleaning air for engines is 
excellent, and it will undoubtedly come into extensive use for 
this purpose in the near future. 

141. Air -intake Muffling, — Disturbances have been caused in 
many instances by the resonant effects of pulsating intake-air 
flow. This is particularly true where the air intake is confined, 
such as in an alleyway between two buildings where the intake- 
air pulsations may create rather serious vibration problems. 
Objectionable vibrations which manifest themselves either in the 
structure housing the engines, in adjoining buildings, or in build- 
ings some distance from the plant, may be caused by inadequate 
intake or exhaust muffling. .It has been generally assumed that 
whenever anything in the neighborhood of an operating internal- 
combustion engine starts shaking it is the result of unbalanced 
mechanical forces within the engine transmitting vibrations 

^ Penney, G. W-, A New Electrostatic Precipitator, Elec. Eng,, vol. 56, 
No. 1, p. 159, January, 1937. 
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Fig. 109. — Dimensions and capacities of Cycoil air filters. {Courtesy of American Air Filter Company,) 
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through, the soil. In too many instances this is far from the 
correct interpretation of the cause of the vibration annoyance, 
which may be due to pulsating air waves resulting from the 
inadequate muffling of air intake or exhaust or both. 

Since the air intake for an internal-combustion engine can be 
the source of considerable annoyance to property owners in the 
neighborhood of the engine, it is advisable to give serious con- 
sideration to providing mufflers for air intakes where such 
annoyance might be created. Muffling of the air intake for 
four-stroke-cycle engines is relatively simple and may be effec- 
tively accomplished by the use of an air filter having some 
muffling properties. There are at least two such filters on the 
market. Muffling the air intake of two-stroke-cycle engines, 
and particularly those engines employing pump scavenging, is 
considerably more difficult. Consequently suitable designed 
mufflers must be used with these engines wherever intake-air 
noises must be eliminated. Two-stroke-cycle engines using 
Roots type blowers for scavenging may produce a very objec- 
tionable high-pitched tone. The air intake to a Buchi super- 
charger or other high-speed fan often produces an objectionable 
whine. 

Each intake-muffling problem must be given consideration in 
terms of the conditions surrounding the particular case. No 
specific rules can be set forth, but if it appears at all probable 
that objectionable disturbances may result from intake-air 
noises, the designer of the installation should provide muffflng 
equipment for the air intakes. In any event it is advisable to 
discuss the problem with specialists in the field of acoustical 
muffling in order that a rational solution to the problem may be 
reached. 

There are several things that can be done to eliminate objec- 
tionable air-intake noises. The installation of a suitable intake- 
air muffler is the most satisfactory. Providing a large plenum 
chamber between the air filters and the air-inlet pipe to the engine 
will tend to reduce pulsations at the air filter. Bringing the air 
into the filter housing from a high level as shown in Fig. 114 is 
oftentimes very effective. The installation of a Venturi nozzle 
in the entrance of the inlet-air pipe to the engine has also helped 
to reduce noise. 
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142. Intake-air Pipe Size. — The size of the intake-air line for 
any engine is determined by the pressure drop resulting from the 
flow of air through the line. This drop in air pressure should 
not be more than 5 to 5,5 in. of water, or approximately 0.2 psi. 
A pressure of 1 in. of water equals 0.0361 psi. For purposes of 
quick conversion from inches of water to pounds per square inch 
the following table will be of considerable value. 


Table 37. — Conversion from Inches of Water to Pounds per Square 

Inch 

Indies water Psi 


1 

2 

3 

4 

5 

6 

7 

8 
9 


0.036 

0.072 

0.108 

0.145 

0.181 

0.217 

0.253 

0.289 

0.325 


For air under pressures less than 2 psi gauge, and where the 
pressure drops are less than 10 in. of water, only a slight error 
is introduced into the calculations if the formulas normally 
applied to the flow of water are used. The basic equation of 
flow is 

r. = (32) 

where = velocity, feet per second. 

^ = acceleration due to gravity, or 32.2 ft per sec per sec. 
^ H — head in feet of air causing flow. 

When the velocity is given in feet per minute, Eq. (32) becomes 

V = 1096.5 (33) 

where V — velocity, feet per minute. 

h = head or pressure, inches of water. 

W = weight of air, pounds per cubic foot. 

For air at 70 F with a barometric pressure of- 29.92 in., Eq. (33) 
becomes 

V = 4,005 Vh (34) 

Thus the air velocity for a pressure or head of 1 in. of water at 
standard conditions and neglecting friction would be 4,005 fpm. 
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Further reference will be made to Eq. (34) in connection with 
determining pressure loss in pipe entrances and pipe bends. 

Two types of loss in pressure occur when air is required to 
move in a confined space. They are frictional loss from contact, 
of the air with the walls of the pipe or duct, and the loss resulting 
from change in direction of air flow or change in size of the duct 



Fig. 110. — Frictioa loss of air flowing -through, circular pipes. {Courtesy of 
Buffalo Forge Company.) 


creating a change in air velocity. The loss in pressure due to air 
flow in straight pipe has been calculated by means of various 
formulas all of which, are more or less empirical and are based 
upon experimental data. The simplest of these which gives 
fairly accurate results is 


h = 


KVl 

D 


( 35 ) 


where h = pressure drop or head, inches of water per 100 ft. 
= velocity of air flow, feet per second. 
jD = diameter of duct, feet. 

K — constant,' varying from 0.00055 to 0.000635. 
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Pressure drop resulting from air flow in round ducts and pipe 
is readily determined by means of a chart such as Fig. 110 which 
gives pipe size, air velocity, and friction loss for various quanti- 
ties of air flow. This chart, based upon an empirical formula 
somewhat different from Eq. (35), gives friction losses slightly 
less than those calculated by means of this equation. 



Atr velocfty, ft. per mi'n. 

Fig. 111. — Air resistance of entrances and bends. 


In addition to the friction loss in straight runs of pipe, losses 
occur in pipe bends and at points where the pipe changes size. 
Thus a change in size of pipe occurs where the air-intake line 
connects to the air-filter housing or plenum chamber. Pressure 
losses occurring in bends or at points of change in pipe size or 
pipe entrances are generally measured in velocity heads. 

As shown previously by means of Eq. (34), an air pressure 
of 1 in. of water will create an air velocity of 4,005 fpm neglecting 
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friction. Equation (34) can be rewritten in the form 



In this form h is ordinarily referred to in hydraulics as velocity 
head since it is the pressure or head which creates the velocity F. 
Figure 111 gives values of h for velocities ranging from 400 to 
10,000 fps. 

143. Calculating Air Intake Sizes. — For the purpose of 
illustrating the application of the formulas and charts developed, 
consider that the air-intake line for a 500-hp four-stroke-cycle 
mechanical-injection engine is 40 ft long and contains one 90-deg. 
bend with an i?/Z> ratio of 1 and an abrupt change in the size of the 
line where it connects to the air-filter housing. It is desired to 
keep the pressure drop through the line at approximately 3 in. 
of water. From Table 35 the engine will require 2.5 cfm of air 
per brake-horsepower at 60 F. The total air requirement per 
minute for the engine when the air temperature is 70 F becomes 
2.5 X 500 X 1.02 == 1,280 cfm. From Fig. 110 for an air flow 
of 1,280 cfm when using a 7 in. diameter pipe, the air velocity is 
4,700 fpm and the pressure loss per 100 ft is 4.9 in. of water. 
From Fig. Ill for a velocity of 4,700 fpm, the velocity head 
h becomes 1.35 in. of water and the loss through the 90-deg. 
elbow and the entrance is 

1.35 X (0.5 + 0.26) = 1.02 in. water 

The total loss through the pipe and fittings becomes 

(0.4 X 4.9) + 1.02 = 2.98 in. of water 

A pressure drop of 3 in. was desired, and it appears that a 7 in. 
diameter pipe will suffice. Since this is not a pipe size normally 
carried in stock, an 8 in. diameter pipe would be used because 
it is the nearest standard pipe size available in which the allow- 
able pressure drop would not be exceeded. 

In selecting the size of an air-intake line it is often desirable 
to make a series of calculations for various pipe sizes in order to 
determine the pressure drop for each size and from these calcula- 
tions determine that pipe diameter which best suits the conditions 
involved. Such a calculation is set up in Table 38 for the 
problem just illustrated, using four different pipe diameters. 
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Table 38. — Calculation of Pressure Drop through Pipe 


Diameter of pipe, inches 

Air velocity, feet per minute 

7 

4,700 

8 

3,700 

2,900 

10 

2,300 

Friction loss per 100 ft, inches 

4.9 

2.5 

1.4 

0.82 

Loss through 40-ft pipe, inches 

1.96 

1.00 

0.56 

0.33 

Velocity loss through fittings, 0.76/i. . . . 

1.02 

0.64 

0.40 

0.25 

Total loss through air intake, inches. 


1.64 

0.96 

0.58 


These calculations have assumed that the air was flowing 
through the intake line at constant velocity. This condition is 
never strictly true, although in the case of two-stroke-cycle 
engines using blower scavenging or four-stroke-cycle engines 



70 140 2(0 280 350 420 


Crank rotat/on, degrees 

Fig. 112. — Variation of intake-air pressure in two-stroke-cycle, single-cylinder, 
blower-scavenged diesel operating at 1,200 rpm. {Courtesy of Burgess Battery 
Company.) 

having six or more cylinders it is sufficiently close to actual 
conditions. When two-stroke-cycle pump-scavenging engines 
are considered, as well as either two- or four-stroke-cycle engines 
having less than six cylinders, there is a considerable variation 
in the velocity of the air traveling through the intake-air line 
unless provisions have been made to iron out these irregularities 
through the installation of a large air plenum chamber immedi- 
ately adjacent to the engine into which the intake-air line feeds. 
This variation for a single-cylinder engine is shown in Fig. 112. 

144. Location of Air Intakes. — The location of an air intake 
for an internal-combustion engine is determined partly by the 
design, of the structure required for housing the power-plant 
equipment and partly by the limitations imposed by the length 
and diameter of air-intake line required. The air intake may 
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be located near the ground and adjacent to the power-plant 
building, in the building wall, on the roof, or in some instances 
within the building proper, Fig. 113. The latter location, 
inside the power plant, should not be used unless absolutely 
necessary to satisfy special design requirements, since it takes 
the air for fuel combustion from inside of the power-plant build- 



Fig. 113. — Typical air-filter and air-intake locations. 


ing and makes it difficult to heat the building adequately in 
cold weather. 

When the air filters and air intake are located on the roof of 
the building, cleaner air will be obtained in most instances and the 
amount of filter cleaning will consequently be less than when 
the filters are located near the ground. If the air filters are 
located on the building roof, they must be made readily accessible 
for cleaning; otherwise they will be neglected and poor engine 
operation and loss of power will result. 
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In general, air filters will be found to fit best into the general 
plant design and operation when they are located either adjacent 
to the building at some slight elevation aboveground, in the 
building wall, or in a housing attached to the building wall. 
One arrangement of housing providing support for the exhaust 
muffler as well as location for the air filters is shown in Fig. 114. 



Rg. 114. — Combined air-filter housing and support for exhaust mufl^ler. 


While the foregoing, discussion of air-intake and air-filter 
location has been based primarily upon the use of dry or viscous- 
impingement types of filters, the same general remarks will 
^pply, with slight modifications, to other types of air-filter 
construction. 
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The location of air filters and exhaust mufiiers on the roof 
deck of a low-roofed addition to the plant may he advantageous 
in some cases, Fig. 115, although suitable provisions for cleaning 
and maintaining the filters must be provided. 

145. Don’ts for Air-intake Construction. — Expeiienee with 
the design of many air intakes has shown that the following 
should be avoided: 

1. DonT install air intakes inside the engine room except for 
very small engines or in a territory where building heating need 
not be considered. 


Fig. 115. — Air filters and exhaust snubbers mounted on roof of plant shop. 

Access is gained by a stairway inside the plant, 

2. Don't install air-intake filters too close to the roof of an 
engine room or excessive vibration of the roof may result from 
pulsating air flow through the filters. 

3. Don't install a pump-scavenging or air-injection engine 
without providing a large plenum chamber in the air intake 
between the air filters and the engine. The failure to provide a 
sufiiciently large plenum chamber may result in rather annoying 
and perhaps serious vibrations. 

4. Don't take air from a confined space. If this is done, seri- 
ous vibration problems resulting from air pulsations may ensue. 
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5. Don't locate air-intake filters in an inaccessible spot. 

6- Don't use an air-intake line with too small a diameter or 
make it too long. Engines can be starved for air, and air is 
just as necessary for an engine to produce power as is the fuel. 

146. Checking Air Filters. — Checking of the condition of air 
filters should be done periodically to ensure that the engines will 
obtain suflS.cient combustion air. at all times. In order that this 
may be done systematically and accurately, an arrangement 
utilizing a simple U-tube pressure gauge, Fig. 116, will be found 
very convenient. As the filter becomes clogged with dirt, the 



<a)-U-tube gauge (b)-Detaii of U-tube gauge 

Fig. 116. — U-tube gauge for determining cleanliness of air filters. On the 
detail of the gauge each division above or below zero is just one-half the value 
given. Thus for measuring differential pressures in inches of water, the distance 
from 1 above 0 to 1 below 0 would be 1 in., and the distance from 5 above to 
5 below 0 would be 5 in. 

suction pressure measured by the U tube will increase. When 
this suction pressure reaches approximately 10 to 12 in. in most 
cases, the filters should be cleaned. This simple gauge can also 
be used to check the efficiency of the filter cleaning. 

147- Engine -exhaust Behavior. — Engine-exhaust behavior has 
been the subject of considerable experimental investigation in 
recent years. These investigations show that pressures as great 
as 10 psi are built up in the exhaust pipe within 0.003 sec after 
the engine exhaust opens, Fig. 117. Such pressure rises result 
in very rapid acceleration rates as the gas moves out the exhaust 
line and the gas velocities attained are high. The pressure drop 
following is practically as rapid as the initial pressure rise. 
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As pointed out by one investigator/ 

The gas in an engine cylinder is still under considerable pressure and 
temperature at the bottom of the piston’s power stroke. Immediately 
following the opening of the exhaust valve or port, this gas is forcibly ejected 
down a pipe like a compressed spring suddenly released. Like the spring, 
the gas possesses mass and elasticity, and when released and the valve is 
again closed, it overruns, that is, stretches itself out well beyond its 
normal length. This, coupled with the cooling of the gas and condens- 
ing of the vapors, results in a partial vacuum following the "'slug.” 

15 


70 140 210 280 350 420 

Croi n k rofcj ti on . d ea rees 

Fig. 117. — ^Variation in exhaust pressure in two-stroke-cycl&, single-cylinder, 
blower-scavenged diesel operating at 1,200 rpm. ((Jourtesy of Burgess Battery 
Company.) 

With the slug out of the way, air is sucked into the pipe and there is set 
up in the exhaust conduit a severe oscillating condition. Pressure 
waves of considerable amplitude are reflected back and forth in the pipe 
line at acoustic velocities. The frequency of the reflected wave depends 
primarily on pipe length and somewhat on pipe diameter and gas tem- 
perature. In any event, this condition is detrimental since it results in 
noise, and quite often, impaired engine performance. For this reason, 
it is necessary to process the exhaust waste before it is released to 
atmosphere to entirely prevent the destructive reverberation. 

The characteristics of the pressure oscillations resulting 
from this expulsion of the gas slug without muffling are influenced 
materially by the length of the exhaust line connected to the 
engine, Fig. 118. It is well known that when a muffler is not 
used the length of the exhaust pipe can be proportioned to have 

^ Chipley, Alfred S., Diesel Engine Exhaust Silencing, Eng. Bull. 117, 
Burgess Battery Company, Chicago, 1941. 
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either a beneficial ox harmful efiect upon the scavenging of 
exhaust gases. From Fig. 118, it is seen that only a relatively 
slight change in the exhaust-pipe length creates a cylinder 
pressure at the time of exhaust valve closing either above or 



ExhcJiust length 
2ft.- 8 in. 

No snubber 



Exhaust (ength 
4 ft. 

No snubber 




Exhaust length 
9ft.-6in- 
NIo snubber 


Exhaust length 
19 ft. 

No snubber 


Fig. 118. — Effect of exhaust-pipe length on character of exhaust pulsations. 
{Courtesy of Burgess Baitery Com'panyJ) 


below atmospheric pressure. Either condition might be harm- 
ful. An excessively high cylinder pressure may reduce the 
quantity of oxygen in the cylinder sufficiently to interfere with 
proper fuel combustion. 
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The oscillating characteristics of the exhaust have a very 
marked effect upon the fuel consumption, exhaust back pressure, 
and exhaust temperature of an engine, Fig. 119. In this particu- 
lar series of tests the effect of different lengths of exhaust pipe, 
with or without a suitable muffler attached, on fuel consumption, 
exhaust back pressure, and exhaust temperature was studied. 


ENGINE NOT EQUIPPED 
WITH SNUBBER 
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Exhaust pipe length 

Exhaust back pressure 




ENGINE EQUIPPED 
WITH SNUBBER 
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Fig. 119. — Effect of exhaust snubber on fuel consumption, exhaust back pressure, 
and exhaust temperature. {Courtesy of Burgess Battery Company.'} 


The load on the engine was maintained constant. With no 
muffler on the engine, exhaust pipe lengths of approximately 
8 and 32 ft showed the points of lowest fuel-oil consumption per 
brake horsepower-hour as well as the lowest exhaust tempera- 
tures. On the other hand, the length of exhaust line showed 
little if any influence on fuel-oil consumption, exhaust back 
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o 
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42 
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42 
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46 

52 
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48 
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12 
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72 

78 

6 
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16 
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87 

93 

8 
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20 
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97 
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10 
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24 
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12 
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28 

42M 
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14 
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32 

48M 

140 
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16 
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No. 

36 

50^ 

150 

158 

18 
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40 

54M 
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20 

4,400 
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44 

603^^ 

16734 

17534 

22 

6,200 

No- 

48 

6634 

18234 

19034 

24 

7,400 
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52 

72 

197M 

205>4 

26 

8,700 
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56 

78 

213 

221 

28 

10,500 

Xo. 

60 

83 

228 
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30 

12,300 


!Fig. 120. — Standard sizes of Maxim, model MUG silencers. ^Courtesy of The 
Maxim Silencer Com'pany.') 
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pressure, and exhaust temperature when equipped with a suitable 
muffler. 

148. Exhaust-system Functions.— The operation of the exhaust 
system of an internal-combustion engine involves three separate 
activities, all independent, yet all necessary. The system must 
carry the exhaust gas from the engine to a point where its 
rejection will not be objectionable, release 'it with a minimum 
of noise, and impose a minimum back pressure on the engine 
exhaust. Providing an adequate exhaust system is not easy 
since it involves consideration of the hydraulics and acoustics 
of a compressible fluid under pulsating flow. 

The problems involved are not subject to rigorous mathe- 
matical treatment. While the progress that has been made in 
the development of muffling equipment has been exceptional, 
most of it has come about through endless experimentation. 
This experimental work has evolved several very excellent 
exhaust mufflers, and today the plant designer can select that 
muffling equipment which best suits the conditions with which 
he is confronted. 

149. Mufflers. — Mufflers suitable for use with internal- 
combustion engines in stationary service are produced by two 
well-known firms in the United States. In some cases, mufflers 
are also constructed by the engine manufacturer. Most mufflers 
are now fabricated of welded steel plate, although some are made 
of cast iron. There are several types available including the 
standard or conventionally designed unit, spark-arresting type 
for hazardous locations, and a combination muffler and waste- 
heat boiler. 

The muffler size is determined by the cylinder dimensions and 
type of engine. The correct size unit for a particular engine can 
be obtained from either the engine or muffler manufacturer. 

160. Ejchaust Pipe Size.^* — The size and arrangement of exhaust 
piping from a diesel engine should be such that it will not cause unde- 
sirably high back pressures in the engine cylinders. High back pres- 
sures reduce the capacity and efficiency of the engine, and, indirectly, 
increase lubrication difficulties and maintenance expense, by inducing 
high cylinder temperatures. 

^ The material presented here was prepared especially for the author by 
Max Rotter, who, prior to his death in 1940, was consulting engineer for 
Busch-Sulzer Bros. Diesel Engine Company. 
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Fig. 121. — Standard sizes of Burgess STC series exhaust snubbers. {Courtesy 
of Burgess Battery Company.) 
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The total back pressure should not exceed 15 in. of water at the outlet 
of the engine exhaust header, and will be built up by the friction in the 
exhaust pipe and the resistance in the exhaust silencer and spark arrester. 
The former should not exceed 3 in. of water; the latter combined, 12 in. 
of water. 

Exhaust piping should be short and straight as possible. Bends 
should be of long radius. Abrupt changes in diameter should be 
avoided. In determining the pipe size, allowance must be made for 
the fouling of the piping. To avoid long and involved calculations, 



Engine rating , b. hp. 

Fig. 122. — Exhaust pipe sizes for diesel engines. {jData prepared by Max Rotter.) 

the appended curves. Fig. 122, have been prepared as applying to an 
average arrangement of piping to impose a back pressure of about 3 in. 
of water in the piping alone. These curves represent modern good 
practice when the piping is not unusually long or crooked, or conversely, 
unusually short and straight. 

Piping arrangements for several typical exhaust systems are 
discussed in Chap. XIV, Art. 158. 

161. Engine -exhaust Design. — The design of an exhaust 
system for any engine involves several fundamentals which 
must be followed if a satisfactory system is to result. These 
rules are as follows: 

1. Use a pipe with a diameter equal to or exceeding the values 
given by Fig. 122. 
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2. Make the exhaust line as short as possible. 

3. Keep the number of bends in the line to a minimum. 

4. Make provisions for adequate expansion in the exhaust line. 

5. The tail pipe on the muffler should extend above the building 
roof, and the outlet end should be beveled at an angle of 45 deg. 
or more. 

Some engines are equipped with individual exhaust pipes for 
each cylinder which terminate below the bottom of the engine 
frame. It is usual to build a rectangular concrete conduit beside 
the engine foundation under the engine-room floor into which 
these individual exhaust pipes discharge. Where such a con- 
crete duct is installed, provisions must be made to allow for 
expansion of the duet, or serious damage may be caused to the 
engine and generator foundation block. 
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CHAPTER XIV 
PIPING SYSTEMS 


Piping design for an internal-combustion-engine power plant 
deals with the arrangement of pipe, valves, and accessories for the 
successful operation of the fuel and lubricating-oil systems, cool- 
ing-water system, starting-air system, and intake and exhaust 
systems. Hydraulic calculations necessary to determine pres- 
sure losses and pipe sizes for the various fluids handled are 
discussed elsewhere. In this chapter the mechanical and 
structural problems involved in the layout of the plant piping 
and its operation are discussed. 

162. Piping-system Function. — Any well-designed piping 
system must satisfy the following requirements: 

1. It must function properly and efficiently in conjunction 
with the mechanical equipment it serves. 

2. It must be arranged in a manner to facilitate operation 
and maintenance. 

3. It must be as simple as possible and still perform its primary 
functions. 

4. It must be designed as a coordinated and symmetrical part 
of the entire plant layout. 

Good piping design requires that careful and detailed con- 
sideration be given to all its component parts in order that the 
above requirements can be realized. Care taken in developing 
and planning the plant piping will assure an economical installa- 
tion as well as one that can be easily operated and maintained. 

163. Plan the Piping Assembly. — Before making any attempt 
to install piping materials, have a comprehensive plan of it 
prepared. This requires that a layout of all the pipe, fittings, 
and valves be made to scale in order that conflicts in location 
of pipes be avoided and a suitable arrangement for all piping be 
provided. Too often the piping up of a plant is not considered 
until all equipment is installed and the pipe and fittings are 
on the j*ob. Under such conditions, it is little wonder that the 
piping is generally a cut-and-compromise affair, 
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Systematic planning prior to installation eliminates these 
difficulties. Piping drawings may be simple one-line diagrams, 


PIPING SYMBOLS 

EQUIPMENT 



Diesel engine 


D- 




Purnp 

Meter 

Strainer 

Fuel oil day tank 


c 




Air tank 


DO 


AiV 

compressor 



Pressure gage 


VALVES 




Gate (open) 
Gate (closed) 
Globe or throttle 
Regulating 
Reducing 



Check 
Plug or cock 
Relief 

Motor operated 


PIPING 

Exhaust 

Water 

— O o Air 

Fig. 123. — Symbols used for indicating piping and piping accessories. 

either in plan and elevation or in simple mechanical perspective. 
Samples of such diagrams with dimensions are shown in Fig. 124 . 
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These sketches are necessary to obtain a correct bill of material 
for the job, to eliminate conflicts in the location of the numerous 
piping runs, and to facilitate hydraulic calculations. They 
may be extremely simple when only a single engine of small 
horsepower capacity is involved, or they may become very com- 
plex in the case of installations involving many engines of large 
horsepower capacity. 



Fig. 124- — Methods employed for preparing piping-layout drawings. 


Planning of the piping should always strive for simplification 
insofar as possible. Needless fittings, bends, valves, and other 
accessories should be eliminated in order to reduce frictional 
losses, decrease the number of joints where leaks might occur, 
and save on future maintenance of the piping system. 

164. Cooling -water Piping.— The engine cooling- water system 
is an extremely important part of the plant. All engines now 
used for stationary power purposes are liquid cooled, and a 
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continuous supply of water must be passing through the engine- 
cooling passages in order for it to operate. Water must be 
delivered to the engine continuously in suj05cient quantity while 
the engine is in operation. 



(a)- GROUP OF ENGINES COOLED BY SINGLE'CIRCUIT 
COOLING SYSTEM 



(b)-GROUP OF ENGINES COOLED BY DOUBLE- CIRCUIT 
COOLING SYSTEM 

Fig. 125. — ^Typical cooling-water systems. 

In order that the correct quantity of water can be delivered 
without interruption, care must be taken to ensure that the piping 
layout connecting the engine, water pumps, and cooling-water 
source is adequate. The failure of a valve, fitting, or pump 
should not cause more than a momentary loss of water to the 
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engines operating. It is sometimes difficult to protect against 
all possible failures in the cooling-water system, but much can 
be done through proper design to provide a maximum of operating 
continuity. 

The pipiiig arrangement used in any particular installation 
will be governed to a large extent by the general plant arrange- 
ment. Each plant is a special case and must be considered in the 
light of all influencing features. Typical schematic diagrams 
for cooling- water piping using a cooling tower and with either a 
single- or double-circuit system are shown in Fig. 125. The 
double-circuit cooling system is superseding the single-circuit 
arrangement in most present-day installations. 
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Fig. 126. — Cooling-water-piping arrangement designed for ease of cleaning and 
repair and continuity of service. 


A recent cooling-system design for a plant with four engines 
installed is shown in Fig. 126. In this layout the designers 
provided an arrangement that allowed one-half of the cooling 
system to be taken out of service for maintenance or repairs 
while maintaining continuity of plant operation. Provisions 
were also made for future extensions through the addition of 
cooling facilities or pumps without interfering with the operation 
of the existing system. 

The designs so far considered employed cooling towers as a 
source of cooling water. If a river or lake is available for supply- 
ing the cooling water, then a double-circuit arrangement using 
shell-and-tube heat exchangers for cooling the jacket water can 
be employed as shown schematically in Fig. 127. 
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pump 

‘ Fig-. 127. — Arraagement using sheU-and-tube heat exchanger for cooling jacket 

•water. 




Oil piping - dotted }ine—>% 
Vdafer piping- solid Jine—'i—' 


Engine 



0i7 bypassed t-hrough J j ^Verrfed i 
th^e pipes tv eenf-n- 

fageJ-- "--^g rrrr^y 


^Aux mofop- driven 
oil pump 


Built-in oil pump C shaff-driven^ 


j Centrifuge 


Fig. 128. — Schematic diagram of oil and cooling-water piping for gas-dieael 
installation. {Courtesy of Power,) 
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In addition to cooling engine jackets, it is necessary in many 
instances to provide cooling for the lubricating oil. This cooling 
is universally done by means of a shell-and-tube heat exchanger. 
Cooling water may be taken either from the usual engine jacket- 
water supply or from the raw-water side of a double-circuit 
cooling system. Such an arrangement for lubricating-oil 
cooling and engine cooling is shown in Fig. 128. 

When planning the cooling-water system, provisions must be 
made for expansion of the water in the engine jacket-water 
circuit. This can be done either by installing a hot well or by 
providing an expansion tank equipped with a suitable overflow 
in the circuit. Whenever an expansion tank is used it must be 
located above the hydraulic gradient of the line at the point of 
installation in order that the jacket cooling water will remain 
in the system and not be drained out through the expansion- 
tank overflow. When a hot well is used, the discharge line into 
the hot well should be extended below the water level in the well 
in order to make effective use of the siphonic action resulting. 

165. Fuel-oil Piping. — The fuel-oil system consists of the pipe, 
valves, fittings, and other accessories required for delivering fuel 
oil to each engine as required. In the case of large stations, this 
involves transfer from railroad tank car to bulk storage, from 
bulk storage to the day tank for each engine, and from the day 
tank to the engine as needed. In the small industrial plant, 
fuel may be delivered to bulk storage by tank wagon. Conse- 
quently piping for conveying the oil from railroad tank cars is 
not required. 

Schematic diagrams for two typical fuel-oil piping systems are 
shown in Fig. 129; In both instances fuel-oil strainers and meters 
are provided between the main or bulk storage tanks and the 
engine day fuel tanks. 

Care must be taken when planning the fuel-oil piping system to 
see that rules of the National Board of Fire Underwriters as well 
as individual state requirements are complied with in the design. 
This applies particularly to capacity and number of day tanks, 
location of day fuel tanks in the engine room, and provisions 
for valving of oil lines to eliminate fire hazards. 

In northern latitudes during severe winter weather, and 
particularly in those installations employing high-viscosity 
fuels, provisions must be made for heating the fuel during 
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extremely cold weather. This heat is usually supplied from the 
engine- jacket-water discharge which is piped through coils in 
the bulk storage tanks. In some cases, it is necessary to provide 
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(a )- FUEL UNLOADING SYSTEM EMPLOYING SINGLE OIL PUMP 



(b)-FUEL SYSTEM EMPLOYING TWO OIL PUMPS 
Fia. 129. — Typical fuel-oil handling systems. 

steam for this purpose by means of a waste-heat boiler or an 
auxiliary-station boiler. 

166. Lubricatmg-oil Piping. — The extent and character of the 
lubricating-oil piping will be influenced to a large degree by the 
type of engines installed and the quantity of lubricating oil to 
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be purified. In the plant having 100 hp installed, a 50-gal barrel 
may be the extent of the lubricating-oil stock, while in the station 
having several thousand horsepower installed, the lubricating oil 
to be handled may range from 10,000 to 25,000 gal. It is appar- 
ent, therefore, that the layout of the lubricating-oil piping is 
governed by the quantity of oil to be handled and the recondi- 
tioning necessary for the crankcase oil. 



(a) -Lubricating system serving a group of engines 



Lubneo/iing 
oil pump 

( b)-Lubnc(?iting system "for a single engine 
Fig. 130. — Schematic diagrams of simple lubricating-oil-piping systems. 

All lubricating-oil piping forming an integral part of the 
engine is provided and installed by the engine builder. The 
piping necessary for removing the lubricant from the engine, 
reconditioning it, and returning it to the engine must be planned 
as a coordinated part of the plant. This oil piping, primarily 
for the purpose of reconditioning the lubricating oil used by the 
several engines, must be planned in conjunction with the type 
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of lubricating-oil reconditioning system used. Thus the piping 
plan for continuously centrifuging the lubricating oil will be 
different from that utilized for batch reclaiming. There are 
so many different arrangements possible for lubricating-oil 
piping that no attempt will be made to depict all of them. 
Rather, some of the simpler lubricating-oil piping systems now 
in use are shown in Fig. 130 merely as an indication of what is 
involved in the planning of an adequate lubricating-oil system. 

157. Starting-air Piping. — Most diesel engines, and particu- 
larly the large slow-speed units, use compressed air for starting. 



This necessitates the installation of air compressors, air tanks, and 
piping for connecting these with the engine-starting mechanism. 
Air pressure used for most starting systems is 250 psi, although 
some systems employ pressure exceeding this value, and others 
use a lower pressure. 

Tanks, piping, and valves used for this service must be designed 
to withstand the operating pressures employed. Furthermore, 
precautions must be taken to ensure that pressures exceeding 
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this value do not occur or serious damage may result from failure 
of air tanks or piping. 

Compressed-air tanks must be constructed in compliance 
with the Code for Unfired Pressure Vessels of the A.S.M.E. or 
applicable local and state codes which may take precedence. 
Piping must comply with the Code for Pressure Piping of the 
American Standards Association, or local or state codes applying. 

Pipe and fittings are frequently galvanized for protection 
against internal corrosion caused by the presence of moisture 
in the air. Suitable drip pockets should be installed in the air 
system to catch the accumulated moisture. Safety valves of 
suitable size must be installed in the air system and set to open 
to a pressure not more than 10 per cent greater than the normal 
working pressure- Each air receiver should be equipped with a 
pressure gauge. 

A typical layout of the starting-air system for a plant is shown 
in Fig. 131. 

168. Exhaust and Air-intake Piping. — Pipe and fittings for 
engine exhaust and air intakes are usually purchased with the 
engine, and therefore furnished by the engine builder. It is 
usual, however, for the plant designer to assist with the layout 
of these lines since their location and extent are dependent upon 
the design of the plant building and the space provided for them. 

In general, steel pipe, either seam or spiral weld, is used 
for the air intake. Where standard-weight pipe is used, it is 
advantageous and desirable to weld the line throughout. 

The exhaust is fabricated with standard- weight welded-steel 
pipe. If spiral- weld pipe is used, the pulsating exhaust gases set 
up drumming noises in the pipe. The exhaust line should be 
welded and provisions made for absorbing the expansion in the 
line either by the use of a corrugated or slip-type expansion 
fitting. 

Typical exhaust assemblies are shown in Fig. 132. In general, 
the assembly shown by A is preferred since it requires a minimum 
length of exhaust piping and a single 90-deg. bend in the pipe. 
The assembly shown in C is not satisfactory where a traveling 
crane is installed, while assembly B involves considerable pres- 
sure drop in the line between the engine and muflier. 

159. Pipe Material. — Pipe can be obtained in a wide variety 
of materials and for practically every type of service where fluids 
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or gases must be transported. Pipe is usually considered as 
being made of steel or cast iron, although copper, brass, glass, 
aluminum, lead, tile, concrete, wood, transite, fiber, plastics, 
and many other materials are used for its construction. Prac- 
tically all pipe \ised in internal-combustion-engine plants is made 



from steel, cast iron, wrought iron, and copper. Some condi- 
tions may require the use of other pipe materials, but the four 
mentioned constitute by far the bulk of the pipe employed for 
this service. Those pipe materials normally used in internal- 
combustion-engine power plants are set forth in Table 39. 
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39. ^PiPB Materials XJsbd in iNTEBNALr-coMBtrsTioN-ENGiNE 
Power Plants 


Pipe material 


Service 


Steel 


Seam-; 

less 


Welded 


Wrought 
Spiral iron 
I welded! 


Cast 

iron 


Cop- 

per 


Fuel injection 

High-pressure air. . . 

Fuel-oil supply 

Lubricating oil 

Air intake . 

Exhaust 

Cooling- water lines: 

Inside plant 

Outside plant 


X 

X 

X 


X 


With the exception of starting-air lines, which carry a pressure 
of approximately 250 psi, and the fuel-injection and high-pres- 
sure air-injection lines, which range in pressure from 600 to 
2,000 psi, all the plant piping is under relatively low pressure. 
It is therefore satisfactory to use standard- weight iron and steel 
pipe for such services as circulating water, fuel-oil transportation, 
exhaust and air-intake lines, and lubricating-oil lines. The Code 
for Pressure Piping permits the use of steel, wrought iron, copper, 
and brass piping for air pressures above 250 psi, although 
wrought iron cannot be used for air pressures exceeding 400 psi. 
Reference should be made to this code, or other codes applicable 
in the locality where the plant is to be installed, for rulings per- 
taining to the types of piping materials suitable for high-pressure 
service. 

160. Pipe Fittings. — Pipe fittings suitable for internal-com- 
bustion-engine power-plant service are made from cast iron, 
malleable iron, cast steel, forged steel, bronze, and brass. Copper 
fittings are usually employed wherever copper pipe is used for 
lubricating-oil lines on engines, and in these special cases the 
fittings are usually sweated to the pipe with either hard or soft 
solder. For most service, cast- and malleable-iron fittings are 
used since relatively low pressures are encountered and fittings 
of these materials are cheap. 
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Table 40. — Dimensions op Lap-welded and Seamless Steel Pips'* 
A.S.T.M. Designation A 106-36 


! 




Standard 

Extra 

strong 



Nominal wall thickness, in. 

Nominal 
pipe size, 

: OD, in. 

pipe 
and OD 
sizes 

pipe 
and OD 
sizes 

Double 

extra 

strong 


Schedule number* 




thick 

^2 in. 
thick 


10 

20 

30 

40 

60 

80 


i 

0.405 

0.068 

0.095 





0.068 


0.095 


0.540 

0.088 

0. 119 





0.088 


0.119 

H 

0.675 

0.091 

0.126 





0.091 


0.126 

0 . 840 

0.109 

0.147 

0.294 




0.109 


0.147 

n 

1.050 j 

0.113 

0.154 

0.308 




0.113 


0.154 

1 

1.315 

0.133 

0.179 

0.358 




0.133 


0.179 

1 

1.660 

0.140 

0. 191 

0.382 




0.140 


0.191 

1 hi 

1.900 

0.145 

0.200 

0.400 




0.145 


0.200 

2 

2.375 

0.154 

0.218 

0.436 




0. 154 


0.218 

2Li 

2.875 

0.203 

0.276 

0.552 




0.203 


0.276 

3 

3.500 

0.216 

0.300 

0.600 




0.216 


0.300 

ZH 

4.000 

0.226 

0.318 

0.636 




0.226 


0.318 

4 

4.500 

0.237 

0.337 

0.674 


I 



0.237 


0.337 

5 

5.563 

0.258 

0.375 

0.750 


1 


0.258 


0.375 

G 

6.625 

0.280 

0.432 

0.864 


1 


0.280 


0.432 

8 

8 

8.625 

8.625 

0.277 

0.322 

0.500 

0.875 


0.250 

0.277 

0.322 

0.406 

0 . 500 

10 

10 

10.750 

10.750 

0.307 

0.365 

0.500 



0.250 

0.277 

0.365 

0.500 

0,593 

12 

12 

12.750 

12.750 

0.330 

0.375 

0.500 



0.250 

0.277 

0.406 

0.562 

0.687 

14 OD 

14.000 

0.375 

0.500 


0.250 

0.312 

0.375 

0.437 

0.593 

0.750 

16 OD 

16.000 

0.375 

0.500 


0.250 

0.312 

0.375 

0.500 

0.656 

0.843 

18 OD 

18.000 

0.375 

0.500 


0.250 

0.312 

0.437 

0.562 

0.718 

0.937 

20 OD 

20.000 

0.375 

0.500 


0.250 

0.375 

0.500 

0.593 

0.812 

1.031 

24 OD 

24.000 

0.375 

0.500 


0.250 

0.375 

0.562 

0.687 

0.937 

1.218 


“ The decimal thicknesses listed for the respective pipe sizes represent their nominal or 
average wall dimensions and include an. allowance for mill tolerance of 12.5 per cent under 
the nominal thicknesses. 

P 

^ The schedule numbers indicate approximate values of the expression: 1,000 X -q' where 

P = the internal pressure in pounds per square inch and S == the allowable fiber stress in 
pounds per square inch. 

Connections are usually screwed or flanged. Welded con- 
nections are coming to be used more extensively in internal- 
combustion-engine plants since the number of joints can be 
reduced materially and assemblies are produced that can be 
installed in limited quarters more advantageously than assemblies 
employing either screwed or flanged and bolted fittings. For 
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Table 41. — Standard Cast-iron Screwed Fittings 
Working pressures 125 psi steam, 175 psi cold water, oil, or gas, nonshock 



90® Elbow 



45® Elbow Cap 




Cross 45® Y-Bend 



Return Bend 


Size 

A 

B 

F 

O 

J 

II 

z 

Return bends 

Close pattern 

Open pattern 

Wide 

patterii 

Size 

M 

iV 

Size 



Size 

M 

N 








H 










H 







H 

















K 

K 

IK 

1®K2 




1 

3 

3 

H 

IHe 

1 

3 

2H 

IK 


He 

k 

IK 

2K2 

K 

iK 

2 K 2 

1 

4 

3K 

1 

IM 

IH 

3M 

2K 




1 

IK 

2% 

1 

2K 

2Ki6 





m 

iMe 

4>i 

3H 

2H 



IK 

2K 

22^2 

IK 

3 

3 K 2 






iHe 

4J's 


2K 

.... 


IK 

2K 

3K 

IK 

3K 

3K 




2 

2H 


5H 

4H 

2K6 


K 

2 

3K 

38 K 2 

2 

4K 

4^K2 

IK 

4 

3K 

2M 

2iMe 


6% 

5Hb 

2K 






2K 

5K 

SKe 

IK 

6 

4K 

3 

3H 

2K6 

7H 

6H 

2K 


1 




3 

6K 

6K6 


1 



SKe 

2H 




! . . . . 

iMe 







IK 

6 

5 

4 


2^i 

m 

7H 

BH 

2K6 

IK 







2 

6 


5 

4K ' 

BMb ! 



BH 

2H 

IK 










6 

5H 

SKe 



4H 

2H 

iHe 










8 

6^6 




5H 

1 

BH 

iKe 











Reprinted courtesy of Crane Co. 

“ 1- by >^-in. reducers are in. end to end. 


pipe sizes under 4 in. tlie screwed connection is probably the 
simplest and most economical available since it permits field 
fabrication and assembly of the pipe with a minimum of difficulty. 

Considerable attention is being given to the use of compression- 
type couplings and fittings with plain-end steel pipe. These 
fittings are designed to provide for expansion, flexibility, and 
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Tabuej 42. — American Standard Flanged Fittings — 125 Lb 
Cast-iron, Straight Sizes 



Pipe 

size 

Flange 

diam. 

Center to face 

Radii 

Metal thick 

Re- 

ducer 

F.F. 

Drilling 

Ell 

tee 

cross 

Long 

radii 

ell 

45 

deg 

ell 

Stand- 

ard 

Long 

Body 

Flange 

"Bolt ,'4 in. smaller 

Bolt hole 


D 

A 

B 

C 

X 

r 

V 

T 

G 

No. 

“Diam. 

Circ. 

1 

4M 

BM 

5 

IH 


j 

He 

K6 


4 

34 

334 



BH 

Byi 

2 

234 i 


Ks 

>4 


4 

34 

3K 


5 

4 

6 


3 


Ke 

Ke 


4 

H 

334 

2 

6 

4M 

6M 


BH 

sk 

Ke 

3^ 

5 

4 

34 

434 

! 

7 

5 

7 

3 

4 

534 

34e 

^Ke 

634 

4 

34 

534 

3 


5M 

7K 

3 

4K 

634 

346 

34 

6 

4 

34 

6 


SK 

6 

8M 


5 

634 

346 

^Ke 

634 

8 

34 

7 

4 

9 

6M 

9 

4 

5K 

' 7H 

H 

^346 

7 

8 

34 

734 

5 

10 

7M 

lOK 

1 4H 



>4 

^346 

8 

8 

34 

834 

6 

H 

8 * 

11>^ 

5 

7 


346 

1 

9 

8 

34 

934 

8 

13M 

9 

14 

5M 

7M 

12 


IK 

11 

8 

K 

1134 

10 . 

16 

11 

16M 

63^ 

934 

143^ 

34 

IKe 

12 

12 

1 

1434 

12 

19 

12 

19 

7>^ 

10>^ 

163^ 

^346 

134 

14 

12 

1 

17 

14 

21 

14 

21M 

7H 


1834 

34 

13^ 

16 

12 

134 

1834 

16 

23>^ 

15 

24 

8 

12>^ 

2134 

1 

IKs 

18 

16 

134 

2134 

18 

25 

16M 

26K 


13>^ 

2331 

iKe 

1346 

19 

16 

134 

2234 

20 

27H 

18 

29 

W 

1434 

26 

134 

1^346 

20 

20 

134 

25 

24 

i 32 

22 

34 

11 

17 

3034 

134 

134 

24 

20 

134 

2934 

30 

i SSH 

25 

41M 

15 

20H 

3734 

IK 6 . 

234 

30 

28 

134 

36 

36 

46 

28 

49 

18 

23 

45 

IH 

23^ 

36 

32 

134 

4234 

42 

53 

31 

56M 

21 

2634 

52 

1^346 

234 

42 

36 

134 

4934 

48 

59H 

34 

64 

24 

2934 

5934 

2 

234 

48 

1 

44 

134 

56 


Courtesy Natioaal Valve and Manufacturmie Co. 
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Table 43. — Welbing Fittings 




I 90 deg 

45 deg 

Schedule 40 

Schedule 80 

Nominal 











Long 

radius 

Short 

radius 

B 

A 

or> 

ID 

T 

OD 

ID 

T 

pipe 

diameter 


A 

A 









1 


1 

u 

IM 

1.315 

1.049 

0. 133 

1.315 

0.957 

0. 179 


m 


1 

174 

1.660 

1.380 

0. 140 

1.660 

1.278 

0.191 

lyz 


m 

IH 

2J4 

1.900 

1.610 

0. 145 

1.900 

1.500 

0.200 

2 

3 

2 

IH 

3 

2.375 

2.067 

0.154 

29.375 

1.939 

0.218 

2K 

3H 


m 

3H 

2.875 

2.469 

0.203 

2.875 

2.323 

0.276 

3 

4H 

3 

2 

4M 

3.500 

3.068 

0.216 

3.500 

2.900 

0.300 

Zli 

5H 

3H 

2M 

5)4 

4.000 

3.548 

0.226 

4.000 

3.364 

0.318 

4 

6 

4 

2M 

6 

4.500 

4.026 

0.237 

4.500 

3 . 826 

0.337 

5 

7H 

5 

3M 

7>^ 

5.563 

5.047 

0.258 

5.563 

4.813 

0.375 

G 

9 

6 

3H 

9 

6.625 

6.065 

0.280 

6.625 

5.761 

0.432 

8 

12 

8 

5 

12 

8.625 

7.981 

0.322 

8.625 

7.625 

0.500 

10 

15 

10 


15 

10.750 

10.020 

0.365 

10.750 

9.750 

0.500'= 

12 

18 

12 


18 

12.750 

12.000 

0.375“ 

12.750 

11.750 

0.500“ 

14 

21 

14 


21 

14.000 

13.250 

0.375* 

14.000 

13 . 000 

0.500“ 

16 

24 

15 


24 

16.000 

15.250 

0.375* 

16.000 

15.000 

0.500** 

18 

27 

16M 

llKe 

27 

18.000 

17.250 

0.375“ 

18.000 

17.000 

0.500“ 


Courtesy Tube-Turns, Inc. 

“ Thickness does not correspond to any schedule number. 
® Schedule No. 30. 

«= Schedule No. 60. 

<* Schedule No. 40. 


variation in alignment of the pipe. They are relatively easy to 
install and can be dismantled readily for inspection and cleaning 
of the pipe line if the necessity should arise. 

In general, it will be found advantageous in installing circulat- 
ing water lines inside the building to weld all lines 4 in. and larger 
and employ screwed fittings on all smaller lines. Outside the 
building, cast-iron pipe and fittings are favored for this service. 
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Compressed air and oil lines 2 in. and larger are usually welded 
with the smaller lines coupled by means of screwed fittings. 
Welding fittings must be of steel, while malleable iron for screwed 
fittings is usually specified. 

161. Valves. — ^Valves are used in a piping system to control 
the fiow of the liquid or gas. This control may permit or stop the 
flow in a line, permit flow in only one direction, or regulate the 



r 


Gate valve 






Fig. 133- — Typical valves. {Courtesy of Power.) 


amount of liquid or gas flowing through the line. These valves 
may be equipped for manual, electric motor, hydraulic, or full- 
automatic operation. Automatic valves are generally those 
regulating the direction or quantity of liquid or gas flowing. 

Typical valves are shown in Fig. 133. Of the six types shown 
the gate, plug, and globe valves are usually employed for opening 
or closing a line. The needle valve and the globe valve are 
employed where it is desirable to throttle the flow manually. 
Ported valves and modifications of the needle valve are used with 
suitable control accessories to regulate automatically the flow 
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through the valve. Butterfly valves may be used to regulate 
flow as well as prevent reverse flow through the line. 

Most valves used in internal-combustion-engine power plants 
will be cast iron or bronze. The only exceptions will be those 
valves used for high-pressure air and high-temperature service 
beyond the strength limitations of cast iron and bronze, and in 
these instances cast- or forged-steel valves must be used. 

162. Oate and Olobe Valves. — Gate and globe valves are 
usually used for stopping flow through a line. Globe valves are 
often employed for throttling service. Gate valves may be 
employed for throttling although they are subjected to con- 
siderable wear when so employed. 

Gate valves may be equipped with either solid or split wedges 
or double disks, although for valves in the sizes used in internal- 
combustion-engine plants, it is usual to employ the solid wedge 
gate. Cast-iron gate valves shoxild be provided with suitable 
seat and disk rings. Bronze gate valves should have bronze 
rings and should be provided with bronze or stainless-steel stems. 

Globe valves should be provided with seat and disk rings as 
required for gate valves. Union bonnet globe valves with 
renewable seats and disks are preferred by many. 

Valves having rising stems are preferred by most operators 
since the position of the stem gives an indication as to whether 
the valve is open or closed. 

Air and oil lines operating at pressures under 250 psi usually 
use screwed bronze globe valves for line sizes in. and less 
and flanged cast-iron gate valves for line sizes 2 in. and larger. 
Water lines inside buildings are generally equipped with flanged 
cast-iron gate valves for line sizes 4 in. and larger, screwed 
bronze gate valves on 2- and 3-in. lines, and screwed bronze 
globe valves on lines in. and smaller. On buried cast-iron 
water lines, hub-end cast-iron gate valves are used. 

In selecting the valves for a plant, it is wise to standardize 
on one make of valve. Such standardization permits the use of 
a minimum stock of repair parts and interchangeability of parts 
between valves of the same size and type. 

163. Check Valves. — check valve is used to prevent reversal 
of flow in a pipe. Check valves are of many types and design of 
which those shown in Fig. 134 are the most common. The swing 
check finds wide application, although it may give rise to unde- 
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sirable chattering under pulsating or surging flow. The bal- 
anced or tilting-disk check valve eliminates much of this chatter- 
ing and is preferred by many for installation on the discharge 
side of centrifugal pumps. The lift-type check valve is also 
used although not so extensively as the other two. 

Cheek valves are used on the discharge of circulating-water 
pumps, fuel-oil pumps discharging into tanks located above 
the pump, and in the discharge of air compressors. Check 
valves should never be installed on the suction side of a pump 
since the failure of the pump and the closing of the check valve 



(a )- Swing check valve (b)-B«lanced or fil+ing disc check valve (c)- Lift -type check valve 

Fig, 134. — ^Typical check-valve details. 


will produce singe pressures which might damage the pump 
casing. 

164. Regulating Valves. — ^When it is desired to regulate the 
flow through a line, or to maintain a constant pressure in the 
line regardless of the rate of flow within the capacity of the 
regulating valve, a unit similar to that shown in Fig. 135 may 
be used. The rate of flow is changed by varying the opening 
of the Y-ports in the valve. This adjustment may be effected 
by a diaphragm arrangement which changes the port openings 
as the pressure on the discharge side of the valve varies. Control 
of the valve may also be accomplished by means of temperature 
changes through suitable control accessories. 

In general, valves of this type are used for control of jacket- 
water flow through heat exchangers to maintain a constant 
outlet-water temperature from the engine with a constant 
quantity of water passing through the engine at all loads. They 
are also used to maintain constant gas pressure delivered to a 
gas engine regardless of load on the engine or variations in gas 
pressure above that required. 
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Table 45. — Check Valves — 125, 250, and 800 Lb 
Cast-iron, Bronze Mounted 



Standard 125 lb 


Pipe 

Lift type 

Swing type 


Hub end 

j Flange 

j Lrilang 

Horizontal 

Verti- 

cal 

Horizontal or 
vertical 


Swing type 

Diam- 

eter 

Thick- 

ness 

"Bolt J-^in. 

smaller 


Screwed 

Flanged 

Screwed 

Screwed 

Flanged j End 

Diam- 






E.E. 

F.F. 

E.E. 

E.E, 

F.F. 

ei^ 

eter 








0 

F 

0 

0 

F 

M 

K 

L 

D 

T 

No. 

"Diam. 

Circ. 

2 




6H 

8 




6 

H 

4 

H 

m 


7 


7 

7 

8H 




7 

1^6 

4 


5H 

3 

8 


8 

8 

m 

ioj.^ 

in 

2H 

7H 

H 

4 

H 

6 


9 


9 

9 

lOH 






8 

H 

7 

4 

10 

iiH 

10 

10 

llH 

i2 

S^i 

3 

9 

HU 

8 

H 

7H 

5 

UH 

13 

IIH 

llH 

13 

13 

dH 

3 

10 

^He 

8 

H 

8H 

6 

13 

14 

13 

UH 

14 

14 

7H 

3 

11 

1 

8 

H 

9H 

8 


19 H 


ISH 

19H 

19?-^ 

10 

3H 

131.^ 

m 

8 

H 

im 

10 





2iH 

241.^ 

12H 

3H 

16 

Hie 

12 

1 

14H 

12 





27H 

27H 

im 

3H 

19 

IH 

12 

I 

17 

14 





31 

31 

16H 

ZH 

21 

m 

12 

IH 

18^ 

16 





36 

36 

mi 

4 

23H 

me 

16 

m 

31^ 

18 





36 

32 

20H 

4 

25 

me 

16 

m 

22H 

20 





40 

35 

23 

4 

27H 

ime 

20 

m 

25 

24 





48 

40 

27H 

4 

32 

m 

20 

m 

293-^ 

30 





60 

50 

34 

m 

38^4 

2H 

28 

m 

36 



Courtesy National Valve and Manufacturing Co. 
All dimensions given in inches. . — 
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166. Pressure -relief Valves. — Where it is necessary to limit 
the pressure of a fluid or gas, a pressure-relief or safety valve 
should be installed. In power plants using internal-combustion 
engines, safety valves are used on the starting-air system and 
on the air-injection system of engines so equipped to limit the 



Fig. 135. — Control valve for regulating flow or pressure. {Courteay of Fisher 
Governor Com,j>any.) 

pressure to a safe maximum. Capacity data for relief valves are 
given in Table 46. 

Valves of this type should be checked periodically to make 
certain they are in good working order. 

166. Expansion. — Whenever the temperature of a metallic 
pipe varies, there occurs a change both in length and diameter 
of the pipe. The amount of this expansion or contraction is 
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directly proportional to the dimensions of the pipe and the varia- 
tion in temperature. In general, only the change in length of 
the pipe between atmospheric temperature at the time of erection 
and operating temperature is of interest to the plant designer or 
pipe erector. When the operating temperatures of the pipe is 
greater than that at which it is erected, its length increases as 


Table 46 . — Crosby Nozzle Relief Valves 
Styles JO and JP 



Cast Iron 
ADJUSTING BOLT 
ADJUSTING BOLT NUT 
SPRING WASHEI 
SPRING 

SPINDLE — 
BONNET STUD 
BONNET- 
GASKET 

GUIDE— 

SPINDLE LOCK CLIP 
ADJUSTING Rl..^ ^ 
ADJ. RING SET SCREW 
SET SCREW GASKET 



Pipe thread 


Dimensions 


Inlet, in 3 

Outlet in, 4 

Orifice K 


Center to face — screwed: 


Inlet 4M 5M 

Outlet 

American iron flange standard 

Inlet 1250 250 [260 250 |^50 250 |250 |250 

Outlet 125 126 125 125 125 125 125 125 

Center to face — flanged: 

Inlet 

Outlet 93>2 

Approximate height: 

Plain closed top . 12% l^H 14^ 21 2&H 

Handwheel 15 15 17 17 23K 33 

Screwed cap 14?^ 22 30 

Regular lifting gear 21^ 24 3lJ^^ 

Packed lifting gear 19 17^>^ 22 24 36 

Drain hole — pipe size M ^ 3"^ 
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Table 46. — {Continued!) 
Capacity op Nozzle Valves 
Capacity given in cfm at 68 F. 


Orifice letter 


pressure, 

psi 

gauge 

P 

E 

F 

G 

H 

J 

K 

L 

N 

P 

Q 

10 

50 

90 

140 

230 

350 

580 

830 

1,290 

1,960 

2,890 

4 , 980 

20 

70 

125 

195 

320 

500 

820 

1,180 

1,820 

2,770 

4,080 

7,060 

30 

92 

164 

256 

420 

650 

1,070 

1,520 

2,360 

3,590 

5,280 

9,140 

40 

112 

199 

312 

510 

800 

1,310 

1,870 

2,890 

4,400 

6,480 

11,200 

50 

131 

234 

369 

600 

940 

1,550 

2,210 

3,430 

5,220 

7,670 

13,300 

60 

153 

272 

427 

700 

1,090 

1,790 

2,560 

3,960 

6,030 

8,870 

15,400 

70 

173 

308 

485 

790 

1,240 

2,040 

2,900 

4,500 

6,850 

10,080 

17,400 

80 

195 

346 

543 

890 

1,390 

2,280 

3,250 

5,040 

7,660 

11,300 

19 , 500 

90 

214 

382 

600 

980 

1,530 

2,520 

3,600 

5,570 

8,480 

12,480 

21,600 

100 

236 

420 

658 

1,080 

1,680 

2,760 

3,940 

6,110 

9,300 

13,700 

23 , 700 

120 

278 

495 

773 

1,270 

1,980 

3,250 

4,630 

7,180 

10,900 

16,100 

27,800 

140 

320 

; 570 

890 

1,460 

2,270 

3,730 

5,330 

8,250 

12,600 

18,500 

32 , 000 

160 

359 

640 

1,000 

1,640 

2,570 

4,220 

6,020 

9,320 

14,200 

20,900 

36,100 

180 

400 

715 

1, 120 

1,830 

2,860 

4,700 

6,710 

10,400 

15,800 

23 , 300 

40,300 

200 

442 

790 

1,230 

2,020 

3,160 

5,190 

7,400 

11,500 

17 , 500 

26 , 700 

44 , 400 

220 

484 

862 

1,350 

2,210 

3,450 

5,670 

8,090 

12,500 

19 , 100 

28,100 

48,600 

240 

526 

935 

1,470 

2,400 

3,750 

6,160 

8,780 

13,600 

20,700 

30,600 

52 , 800 

260 

567 

1,010 

1 , 580 

2,590 

4,040 

6,640 

9,480 

14,700 

22 , 300 

32,900 

56 , 900 

280 

610 

1,080 

1 . 700 

2,780 

4,340 

7,130 

10,200 

15,700 

24,000 

35,300 

61,100 

300 

650 

1,160 

1,810 

2,970 

4,630 

7,610 

10,900 

16,800 

25 , 600 

37,700 

65,200 

320 

692 

1,230 

1,930 

3,160 

4,930 

8,100 

11,600 

17,900 

27 , 230 

40,000 

69 , 400 

340 

735 

1,300 

2,040 

3,350 

5,220 

8,580 

12,200 

19,000 

28,900 

42,400 

73 , 500 

360 

774 

1,380 

2,160 

3,530 

5,520 

9,070 

12,900 

20,000 

30,500 

44,800 

77 , 700 

380 

815 

1 , 450 

2,270 

3,720 

5,810 

9,550 

13 , 600 

21,100 

32 , 100 

47,200 

81 , 800 

400 

856 

1 , 520 

2,380 

3,910 

6,110 

10,000 

14,300 

22,200 

33 , 800 

49 , 600 

86 , 000 

420 

898 

1,600 

2,500 

4,100 

6,400 

10,500 

15,000 

23 , 200 

35,400 

62,000 

90,100 

440 

940 

1,670 

2,620 

4,290 

6,700 

11,000 

15,700 

24,320 

37,000 

54,400 

94 , 300 

460 

980 

1,750 

2,730 

4,480 

6,990 

11,500 

16,400 

25,380 

38,600 

66,800 

98,400 

480 

1,020 

1,820 

2,850 

4,670 

7,290 

12,000 

17, 100 

26,500 

40,300 

59,200 

102,600 

500 

1,065 

1,900 

2,960 

4,860 

7,580 

12,500 

17,800 

27 , 500 

41,900 

61,600 

106,700 

600 

1,270 

2,260 

3,540 

5,800 

9,060 

14,900 

21,200 

32 , 900 

50,100 

73 , 600 


700 

1,480 

2,630 

4,120 

6,750 

10,500 

17,300 

24,700 

38,200 

58,200 

85,600 


800 

1,685 

3 , 000 

4,700 

7,690 

12,000 

19,700 

28,200 

43 , 600 

66 , 400 

97 , 600 


900 

1,890 

3,370 

5,270 

8,640 

13,500 

22,200 

31,600 

49,100 

74, 500 

109 , 600 


1,000 

2,100 

3,740 

5,850 

9,580 

15,000 

24,600 

35,000 

54,400 

82 , 700 



1,100 

2,300 

4,110 

6,430 

10,520 

16,500 

27,020 

38,500 





1,200 

2,510 

4,470 

7,000 

11,500 

18,000 

29,440 

42 . 000 





1,300 

2,720 

4,840 

7,580 

12,400 

19,450 

31,860 

45 , 400 





1,400 

2,920 

5,210 

8,160 

13,400 

20,900 

34,280 

48,900 



1 


1,500 

3,130 

5,580 

8,740 

14,300 

22,300 

36,700 

52 , 500 






Courtesy Crosby Steam Gage <fe Valve Corapany. 
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in the case of the engine exhaust, while operating temperatures 
lower than the erection temperature produce a decrease in the 
pipe length. Variations in pipe diameter with changes in tem- 
perature are usually so small that they may be neglected. 

The change in length of a pipe due to temperature variation 
can be calculated from the equation^ 

+ b (t^) ] (37) 

where Lt = length of pipe at temperature t, 

Lo = length of pipe at 32 F. 
t — final temperature, deg F. 
a and h are constants. 

The values of the constants a and h are as follows: 

Metal 


Cast iron. . . . 

Steel 

Wrought iron 
Copper 


0.005441 0.001747 
0.006212 0.001623 
0.006503 0.001622 
0.009278 0.001244 


Changes in length per 100 ft of pipe for cast iron, steel, wrought 
iron, and copper at temperatures above 70 F are shown in 
Fig. 136. 

167. Expansion Joints. — Expansion joints may be either the 
corrugated or slip type. Fig. 137. The former includes all 
corrugated or bellows expansion joints made of rubber, copper, 
stainless steel, nickel-steel, and other metals. Metal expansion 
joints must be used for high-temperature service. Slip joints 
are used extensively for water, steam, air, gas, and oil lines for 
pressures below 125 psi and occasionally for pressures up to or 
even exceeding 250 psi. Joints of the slip type are made in a 
wide variety of styles to meet the requirements for practically 
any application within their pressure and temperature limitations. 
Since slip-type joints are subject to some leakage, they should 
be placed in locations where maintenance on them can be done 
conveniently. 

1 Walker, J. H., and Sabin Crocker, “Piping Handbook/’ 3d ed., p. 593, 
McGraw-Hill Book Company, Inc., New York, 1939. 
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Whenever an expansion joint is used, the pipe line must be 
anchored at some point on each side of the joint in order for it 



Temperoiture, ®F. 

Fig. 136- — Curve showing expansion of pipe materials for temperatures above 

70 F. 



(aVCorrugcrhed type expansion 
joint of rubber 



( b)“ Corrugated type 
expansion joint 

of copper (c)'S!ip type expansion joint 


Fig. 137. — Expansion-joint construction details. 


to absorb the expansion in the line between anchor points. This 
expansion force which must be absorbed by each anchor is equal 
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Art. 168 ] 


to the cross-sectional area of the pipe in square inches multiplied 
by the pressure (pounds per square inch) in the pipe. 



168. Installing Centrifugal Pumps.— Centrifugal ^ 

give satisfactory, trouble-free service when proper P^^^^ 
are taken to see that they are installed correctly. In > 

the greatest difficulty is experienced with the pump suction, 
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and consequently considerable attention should be paid to the 
design and installation of the suction line to each centrifugal 
pump. Air pockets must be eliminated from the suction to 
ensure continuous pump operation. Furthermore, the discharge 
from the pump must be proportioned to conserve the velocity 
head created at the pump discharge. Figure 138 shows both 
correct and incorrect methods for installing suction lines con- 
necting to centrifugal pumps. 



Fig. 139. — Rubber expansion joint installed in pump suction line to facilitate 
inspection of pump. {Courtesy of Burns & McDonnell Engineering Company.) 


169. Piping ICinks. — The layout of any piping system involves 
the exercise of much ingenuity on the part of the designer. Many 
unique and useful accessories have been produced to fit special 
conditions. 

When installing an end-suction pump, it is the general tendency 
to connect the pump solidly into the piping system. In order 
to inspect the pump impeller, it is generally necessary to unbolt 
the suction and discharge connections, disconnect the electrical 


Art. 169] 


PIPING SYSTEMS 


307 


connections to the motor, and remove the pump and motor 
assembly from its foundation. This diflacult task can he elimi- 
nated by installing an expansion joint in the pump suction which 
is equipped with special end plates and take-up bolts, Fig. 139. 
By tightening up on the bolts the expansion joint can be shrunk 
and the expansion joint with the reducer connected to the pump 
suction can be removed to permit quick access to the pump 
impeller. 

The judicious use of unions in a line equipped with screwed 
connections permits rapid breakdown of the line for maintenance, 
repairs, or for relocation. Similarly, in welded pipe assemblies 
it is often advisable to plan the piping so that the valves or other 
suitable flange joints may facilitate the breakdown of the line 
as required. 

Simplicity should govern the layout. Provisions should be 
made in the original installation, through the use of suitable 
valves, for future additions where required without .interfering 
with the operation of the remainder of the piping system. 
This often requires that the designer give considerable attention 
to sectionalizing of pipe headers in order to make additions 
conveniently. 

Before putting any piping system into operation, all lines 
should be thoroughly cleaned out. Considerable care should be 
exercised to ensure that all dirt, scale, metal chips, rags, wooden 
plugs, and other materials that would stop flow through a line 
or prevent the closing of a valve be removed before the line 
goes into service. 
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CHAPTER XV 


WASTE-HEAT RECOVERY 

The present-day diesel engine, producing a brake horsepower 
with 7,000 to 8,000 Btu of heat in the fuel, is one of the most 
efficient prime movers with which we deal. Since the heat 
equivalent of a horsepower-hour produced is only about one- 
third of the heat supplied to the engine in the form of fuel, and 
since engineers are constantly striving to increase the efficiency 
and economy of equipment with which they deal, it is not strange 
that much thought has been given to means for utilizing a portion 
of the heat in the other two-thirds of the fuel. 

170. Use of Waste Heat. — In studying the Reports on Oilr 
engine Power Cost of the A.S.M.E., it is surprising to see what a 
relatively small percentage of tjie plants covered by that analysis 
use waste heat for any purpose. Approximately 140 out of 150 
plants covered in the 1938 report dealt with the question of 


Table: 47. — Summary of Waste-heat Recovery Data 


Use of waste heat 

Number o; 
waste ] 

Exhaust 

f plants using 
beat from 

Jacket water 

To heat building 

32 

20 

Heat for slaking hme 

0 

1 

Heating fuel oil 

5 

8 

Heating inlet circulating water 

0 

2 

Heating lubricating oil 

3 

1 

Heating boiler feed make-up 

2 

1 

Hot- water supply 

2 

2 

Heat for process 

1 

0 

Heat not utilized 

100 

109 

Number of services reported 

145 

144 

Number of plants reporting 

140 

142 


Note.— The difference between the number of services and the number of plants is due 
to several plants using waste heat for more than one type of service. 

308 



Abt. 172 ] 


WASTE-HEAT RECOVERY 


309 


waste-heat recovery. Of those reporting, 72 per cent made no 
use of heat in the engine exhaust, while 77 per cent made no use 
of the heat in the jacket water. The majority recovering 
waste heat used it for building heating only. The analysis 
of this waste-heat use for various purposes is set forth in 
Table 47. 

For purposes of this chapter the term waste heat includes 
all the heat in the fuel supplied to the engine and not converted 
into mechanical energy. 

Waste-heat utilization to be successful requires a careful 
study of the characteristics of the machine producing the heat as 
well as the means for reclaiming it. As a consequence, this 
chapter considers briefly the characteristics of the waste heat 
available from the engine as well as the methods that are available 
for its utilization. 

171. The Engine as a Fuel-burning Machine. — The internal- 
combustion engine is primarily a machine for converting the 
heat energy of a liquid or gas fuel into mechanical energy. In 
the conversion process, only about one-third of the availa- 
ble energy in the fuel appears iii mechanical form, while the 
remainder appears in the exhaust, cooling water, and radiation. 
The utilization of any or all of the heat in the fuel not used for 
producing mechanical work offers many possibilities for increasing 
the over-all fuel efficiency. 

In order that a portion of this heat normally wasted while 
operating the engine may be utilized, it is necessary to know its 
magnitude and characteristics. These qualities are established 
by means of the following: 

1. Heat balance for the particular engine under consideration. 

2. Fuel consumption guarantees at full and fractional loads. 

3. Cooling- water temperatures on and off the engine at f^l 
and fractional loads. 

4. Exhaust gas quantities at full and fractional loads. 

5. Exhaust gas temperatures at full and fractional loads. 

The characteristics of these various items will be considered 
in the order given. 

172. Engine Heat Balance. — Consider a present-day mechani- 
cal-injection diesel engine having a full-load rating of 125 hp 
per cylinder. The head supplied to this engine in the form of 
fuel is accounted for as follows: 
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Table 48. — Heat Balance for Diesel Engine 


Engine load 






26 

32 

33.5 

34.5 

Cooling water per cent 

24 

27 

29 

30 

Exhaust and radiation per cent 

26 

26 

26 

27 

Mechanical losses, per cent 

24 

15 

11 .5 

8.5 

Total fuel energy, per cent 

100 

100 

100 

100 



At full load, 34.5 per cent of the heat energy in the fuel is 
converted into useful work. Such portion of the remaining 64.5 



Engine I oc^d, percent fuH looid rating 



Pig. 140. — Heat balance for 125 hp per cylinder mechanical-injection diesel 

engine. 

per cent as can be put to useful service represents a distinct 
saving and results in improving the over-all heat utilization. 
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The heat balance contained in Table 48 is reproduced in 
graphical form in Fig. 140, While the percentage distribution of 
the heat in the fuel will vary somewhat from these data for 
various makes, types, and horsepower ratings of engines, these 
data do represent fairly average results. The area between the 
curve of useful work and the line for 100 per cent of heat supplied 
represents waste heat. The portion shown as '^Mechanical 
losses'' cannot be utilized except as it appears as sensible heat 
for warming the engine room. For waste heat required elsewhere 
than in the engine room, that in the “Cooling water" and 
“Engine exhaust" are the only sources. At full load they 
represent 57 per cent of the heat supplied to the engine in the 
example given, and this percentage is fairly constant from one- 
half to full load. 

173. Fuel Consumption. — Fuel-oil and natural-gas consump- 
tion guarantees for several makes, types, and sizes of modern 
internal-combustion engines were discussed in Chap. Ill, Arts. 
16 and 17. The variation in heat input to the engine per brake 
horsepower-hour is shown in Table 49 and is derived from Figs. 
14 and 15, 


Table 49. — Variation in Heat Input to Diesel and Gas Engines 


Engine load 


y2 

H 

H 

Diesel engine : 





Btu per bhp-hr max 

11,790 

9,500 

8,650 

8,160 

Btu per bhp-hr min 

9,500 

7,600 

7,030 

7,030 

Gas engines:*" 





Less than 7-in. bore average 

21,000 

14,500 

11,200 

10,200 

Over 7-in. bore average 

18,500 

13,000 

10,500 

9,600 


* Does not include gas engines operating on the diesel cycle. 


174. Cooling -water Temperature. — Cooling- water tempera- 
tures have been discussed previously in Chap. XII, Arts. 117 
to 120. If the heat transferred from the engine to the cooling 
water in slow-speed engines is to be utilized at the temperature 
at which it leaves the engine, then it must be used for purposes 
where heat at these relatively low temperatures will suffice. 
Should the temperature of the jacket water off the engine be 
insufficient, it can be increased by using a portion of the heat in 
the engine exhaust. 
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Where high temperature or vapor-phase cooling is employed, 
the range of uses for the heat in the jacket water is very materially 
broadened. 

175. Exhaust Gas Available. — The quantity of exhaust gas 
available from a diesel engine is determined by the quantity of 
air passing through the engine for combustion and scavenging 
purposes. This weight of air while set by the engine design 
will vary, depending upon the inlet air temperature and baro- 
metric pressure. Data covering the air requirements of various 
types of engines are given in Table 35. 

The theoretical weight of air for combustion per pound of 
fuel oil is given in Table 50 covering fuel oils from the major 
oil-producing fields.^ 

Table 50. — Theoretical Quantities op Am por Oil Combustion 


Source 

Specific 

gravity 

Btu per 
lb oil 

Lb air per lb 
oil, theoretical 

Texas 

0.907 

19,230 

14.15 

]Mid~contincn t 

0.892 

19,376 

14.00 

California. . . . 

0.971 

18,820 

14.08 

Mexico 

0.986 

18,720 

13.32 


It is readily apparent from a comparison of Tables 35 and 
50 that the quantity of air required by a diesel engine per pound 
of fuel oil consumed is considerably in excess of the theoretical 
amount required for combustion of the fuel. It is also apparent 
from Table 35 that a two-stroke-cycle engine requires about 
twice the amount of air that a four-stroke-cycle engine needs. 

176. Exhaust-gas Temperature. — In addition to knowing the 
quantities of gases discharged through the exhaust in a given 
time, it is necessary to know the variation in exhaust-gas tem- 
peratures at various engine loads. Figure 141 shows the range 
of exhaust temperatures for two-stroke-cycle mechanical- 
injection diesel engines, while Fig. 142 gives the same informa- 
tion for four-stroke-cycle mechanical-injection nonsupercharged 
engines. Exhaust temperatures for air-injection engines, both 

^ Davts, Ralph E., Harry K. Ihrig, Dewey J. Sabin, and Lyon E. 
Terry, Economic Utilization of Natural Gas, Trans., A.I.M. & M.E. 
Coal Div., p. 388, 1931. 
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two-stroke and four-stroke cycle, will range somewhat lower 
than those shown in Figs. 141 and 142 owing to the fact that 
more air per pound of fuel is, in general, required for air-injection 
than for mechanical-injection engines. Supercharging of four- 
stroke-cycle engines may tend to reduce the exhaust temperature 
slightly. Gas engines, operating as they do with a constant air- 
fuel ratio, have considerably higher exhaust temperatures than 
do diesel engines. In fact, the difference in exhaust temperature 



0 10 20 30 40 50 60 70 , 80 90 100 

Engine lootd, per cent full load raVinq 


Fia. 141. — Range of exhaust-gas temperatures in mechanical-injection two- 
stroke-cycle, diesel engines. 

between one-fourth and full load is relatively slight as compared 
with the temperature variation in the diesel exhaust. 

These figures indicate higher exhaust temperatures from four- 
stroke-cycle engines because of the fact that, in general, four- 
stroke-cycle nonsupercharged engines use less excess air for 
scavenging and as a result have higher exhaust temperatures. 

Where steam is being produced from the heat in a diesel-engine 
exhaust, the four-stroke-cycle nonsupercharged engine shows up 
to a better advantage owing to the higher exhaust temperature. 
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The exhaust from a gas engine, because of its relatively constant 
temperature, is superior as a steam-producing source to either a 
two-stroke or four-stroke-cycle diesel or gas-diesel engine. 

177. Methods for Utilizing Waste Heat. — This chapter so far 
has dealt primarily with the characteristics of the two-thirds of 
the heat of the fuel which does not show up at the engine crank- 
shaft. Let us now consider methods for utilizing a portion of this 
heat normally rejected by the engine. 



Engine load, per cent full load rating 

Pig. 142. — Range of exhaust-gas temperatures in four-stroke-cycle, mechanical- 
injection diesel engines. 

It has been claimed, and perhaps rightly, that as much as 
85 per cent of the heat in the fuel supplied to a diesel engine 
can be utilized for crankshaft energy and for heat. The amount 
of heat reclaimed over and above that appearing as crankshaft 
energy will depend upon the economic justification of the 
investment necessary in heat-reclaiming equipment. As previ- 
ously indicated, the two main sources of waste heat are the 
jacket-cooling vrater and the exhaust. Several methods are 
available for obtaining heat from these sources. 
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Fig. 143. — Simple waste-heat recovery system for building heating. {Courtesy 

of Power,') 
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The various methods of heat reclamation fall roughly into 
two classes, namely, those which do not employ a waste-heat 
boiler and those that do. 

178. Hot-air Heating. — Building heating through the use of 
hot air has been successfully accomplished by enclosing the 
engine exhaust silencers and forcing air through the enclosure 
by means of a fan. One method for accomplishing this is shown 
in Fig. 143. While no exact formulas are available for calculating 
the probable heat recovery from such a system, tests at Blooming- 
ton, 111.,^ show that with engine-exhaust temperatures of 320 F, 
inlet heating air temperature of 71 F, and outlet temperature of 
115 F, a heat recovery of 138,000 Btu per hr was realized when 
circulating 3,000 cfm of heating air around the silencer. During 
this test, the engine was operating at approximately half load 
of 320 hp. From these data it appears that heating systems of 
this character will serve satisfactorily and furnish sufficient heat 
for a power-plant building when 5 cu ft of air per minute per 
rated engine horsepow^er are circulated around the silencer. 
This rule-of-thumb guide in designing a heating system may not 
prove successful in all cases. The designing of a satisfactory 
heating system such as shown in Fig. 143 requires that a sufficient 
quantity of air pass over the outside of the silencer in a given 
time to absorb up to a maximum of 30 per cent of the heat in the 
exhaust gas. Putting this into the form of an equation, we obtain 

0.3017 = KV(12Q - t) (38) 

where H = total heat in Btu passing through the exhaust 
silencer per minute. 

V == cubic feet of heating air circulated around silencer 
per minute at the entering air temperature. 
t = inlet temperature of heating air. 

Values of K vary wdth inlet air temperature as follows: 

Entering air temp., deg F. 55 60| 65 70| 75 

K 0.01851 0.01834 0.01816| 0.01799] 0.01782 

This equation is based upon the assumption that the tempera- 
ture of the hot air leaving the muffler would be 120 F, wdth the 

^ HowBnn, Lloyd, Recovering Diesel Waste Heat at Bloomington, Power ^ 
vol. 77, No, 7, p. 285, June, 1933, 
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heat carried per cubic foot of dry air determined by the density 
of the incoming air. 

In installations where several engines are employed, an 
arrangement for bu^dSig heating shown in Fig. 144 has been used 



successfully. This scheme employs a single motor-driven blower 
and connecting duct work from the blower to all silencers. 
Dampers in the duct work allow the air circulation to be directed 
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to the active silencers, or to be divided between the silencers in 
such a manner as to secure the most effective heat distribution 
in the building. An installation of this type is now in operation 
in a power plant with three 650-hp di^ej^ engines. The fan 
provides 4,500 cu ft of air per minute at a static pressure of 
1 in. of water. The entire cost of fan, duct work, brick enclosures 
around the silencers, and adjustable louvers was approximately 
$750, a low cost for the heating system in a building approxi- 
mately 40 by 70 ft. 

Commercially designed air heaters are also used for reclaiming 
heat from the exhaust gases. Data available on these units 
indicate that as much as 35 per cent of the available heat in 
the engine exhaust at full load can be reclaimed by their use. 

179 . Hot Water from Exhaust. — Hot water may be obtained 

from the heat in the exhaust through the installation of a pipe 
coil in the engine muffler, or a water jacket around the exhaust 
line. A pipe coil consisting of 2 ft of pipe per rated engine 

horsepower when operating with a two-stroke-cycle engine will 
recover approximately 400 Btu per bhp-hr output at full load, or 
about 27 per cent of the heat in the exhaust. This is on the basis 
of clean tubes. When such coils are installed in exhaust lines or 
mufflers, provisions should be made to facilitate removal for 
cleaning. A hot-water , jacket' constructed around the engine 
exhaust line will absorb roughly 3,000 Btu per hr per sq ft of pipe 
in contact with the water. This figure is based upon an engine 
operating at full load, exhaust temperatures ranging between 
400 and 450 F, and a heating area of 0.1 sq ft per rated engine 
horsepower. At fractional loads on the engine the heat transfer 
to water from the exhaust gas will be less because of the lower 
exhaust temperatures- This applies both to the pipe coil and 
the water jacket. 

180 . Heat from Cooling Water. — ^Building heating can be 
accomplished by using the heat in the cooling water as is the 
case in a manufacturing plant employing diesel engines for its 
power supply where heating facilities for the building and the 
cooling- water system for the engines are combined. The cooling 
water is circulated through six unit heaters located in various 
parts of the plant. Each unit heater, Fig. 145, is equipped 
with a fan for forced air circulation and two sets of adjustable 
louvers thermostatically operated. One set of louvers is on 
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the face opposite the fan, and when open the circulated air is 
forced out into the room. The other set of louvers is in the 
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Fig. 145. — Jacket-water heat used for automatic heating, ventilating, and 
humidification. {Courtesy of Fairbanks, Morse & Company.) 


top of the unit heater, and when open circulating air is forced 
out through a ventilator in the roof. 
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When the temperature inside the building falls below 70 F, a 
thermostat closes the louvers in the top of the unit heater 
and opens the set admitting the warm air into the building. 
As soon as the room temperature reaches 70 F^ the thermostat 
closes the louvers admitting air into the room and opens the 
louvers in the top of the heater, thereby forcing the warm air 
out of the building. 



Fig. 146. — Unit heaters utilizing hot water from engine-cooling-water discharge 
for buildi n g heating. {,Courtesy of Burns & McDonnell Engineering Comj>any,') 

This arrangement has the following features : 

1. Eliminates a cooling tower for conditioning jacket water. 

2. Provides a closed cooling system for the diesel engines 
installed. 

3. Provides heat for the plant throughout the heating season. 

4. Provides ventilation for the plant during the remainder 
of the year. 

Since the diesel engines operate only during the day, two 
small oil-fired heating boilers are installed for maintaining room 
temperatures at night during the heating season. 
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A heating coil, installed in the exhaust pit, common to the 
engines in the plant, provides sufficient hot water for washroom 
purposes. This is the only use made of the heat in the exhaust. 
2CYL 14x17 MOD 32- 150 HP 



Fan hp. - 20.0 hp. 

Fig. 147. — Arrangement for using engine waste heat in a cotton gin. {Courtesy 
of Fairbanks, Morse & Company.) 

The heat contained in the jacket water of an engine can be 
employed for building by the use of conventional unit heaters, 
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Fig. 146. The unit heater shown is designed to dissipate 97,200 
Btu per hr with the hot water entering the heater at 140 F and 
the air entering at 60 F. Water flow through the heater is 
14.6 gpm. 

181. Use of Waste Heat in Industry. — Many industrial 
establishments using internal-combustion engines for producing 
power are also recovering heat from the jacket water and the 
exhaust for process applications. Figure 147 gives an applica- 
tion of waste-heat recovery to a cotton gin. Air is needed for 
transporting the cotton in the ginning process, and heat is 
required for drying the cotton. That these requirements have 
been fully met is apparent from a study of Fig. 147. 

Heat recovery from engines in dairies, ice plants, and other 
industrial establishments is being used to an increasing extent 
and will continue to be used wherever economically feasible. 

182. Waste-heat Boilers. — The heat-reclaiming methods so 
far considered have not required any changes in the normal 
arrangement of engine auxiliaries. There remains for considera- 
tion one heat-reelaiming device, the waste-heat boiler, which, 
in a measure, takes the character of an added engine auxiliary, 
although in some instances the boiler and muffler are built as a 
combined unit. 

In order to work satisfactorily in conjunction with an internal- 
combustion engine, the waste-heat boiler, utilizing the exhaust 
gas as a source of heat, should have the following characteristics: 

1. A good heat-transfer rate at the temperatures found in 
engine exhausts. 

2. Besistance to corrosion from moisture and dilute acids. 

3. Should be readily cleaned of carbon deposits and scale 
formations. 

4. Good exhaust-muffling characteristics. 

5. The boiler should be gastight. 

6- Independent oil firing should be possible. 

7. Minimum increase of exhaust back pressure. 

8. Construction requiring a minimum amount of attention 
and maintenance. 

9. Minimum of boiler accessories. 

10. Low first cost. 

While the foregoing requirements for waste-heat boilers 
specifically set forth resistance to corrosion, the D.E.M.A. in 
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their ''Standard Practices'' strongly recommend that exhaust-gas 
temperatures be kept above the dew point in order to minimize 
corrosion difficulties. 

Waste-heat boilers on the market at the present time can be 
classified in the same general manner as conventional boilers, 
i.e., 

1. Fire-tube type. 

2. Water-tube type. 

In addition, the Clarkson^ or "thimble-tube" boiler falls into 
neither of these classifications. Test data for a No. 8 Clarkson 
boiler with a 750-hp four-cycle mechanical-injection engine are 
contained in Table 51. 

Table 51. — Summary Waste-heat Boiler Test, Cushing, Okla. 
Type engine: four cycle, 17K- by 25-in. cylinder, 225 rpm mechanical 

injection 

Engine load 

Horsepower output 

Pounds fuel per hp-hr, 19,270 Btu per lb 

Btu input to engine per hp-hr 

Exhaust temperature off engine 

Pounds steam produced per hour 

Pounds steam produced per hp-hr 

Steam pressure (psi gauge) 

Feed-water temperature at boiler inlet, deg F 

Btu added per pound steam 

Btu recovered per hp-hr 


375 

562.5 

750 

0.400 

0.353 

0.349 

7,700 

6,800 

6,720 

395 

470 

640 

23 

220 

226 

0.061 

0.392 

0.302 

2 

4 

7.8 

98 

93 

92 

1,089 

1,096 

1,099 

115 

430 

332 


The test data in Table 51 are not complete in that temperatures 
of the exhaust gas entering and leaving the boiler are not given. 
Peculiarly these data show a greater heat recovery at three- 
fourths load than at full load, although the exhaust gas was 170 F 
higher at full load. 

In order to approximate the quantity of heat recoverable 
from the exhaust of a diesel engine, Bradford and Clarkson ^ 
developed the formula 


iJ = bhp X C (39) 

1 Clarkson, Thomas, and William Bradford, Heat Recovery from 
Internal-combustion Engines, Trans, A.S.M.E. O.G.P. 58-54, p. 59, 
September— December, 1931. 

2 Ibid. 
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where H = Total heat recovered, Btu. 
p == engine brake horsepower. 

C == 12 for four-stroke-cycle engines. 

= 20 for two-stroke-cycle engines. 

D — temperature drop of gases. 

When this formula is applied to the test data in Table 51, gas- 
temperature drops through the boiler appear to be somewhat 
erratic. This is probably due to the fact that the Btu recovery 
at three-fourths load was greater than at full load. 



Foster Wheeler boiler. (See Table 62 .) 

The Foster- Wheeler Corporation has developed the data in 
Table 52 showing the steaming capacities of their waste-heat 
boilers for both four-stroke and two-stroke-cycle engines, and 
at different steam pressures. This table shows the economical 
range of steam production from a diesel-engine exhaust, and is 
self-explanatory. 

Since waste-heat boilers normally operate at relatively low 
steam pressures, the only boiler auxiliaries necessary are 

Sight gauge glass. 

Safety valves. 

Feed inlet valve, preferably automatic. 

Boiler blowoff connection. 

Indicating steam pressure gauge. 

Gas pressure indicator to engine back pressure. 


Art. 182] 


WASTE-HEAT RECOVERY 


325 


Hp 


Table 52. — Waste-heat Boiler-performance Data 

Lb steam per hr, Lb steam per hr, Lb steam per hr, 
full load 

5 psi 1 10 psi|l5 psi| 5 psi |l0 psi|l5 psi 5 psi |10 psi|l5 psij 


Sq ft 
heating 
surface 


Four-cycle diesel engines 


75 

77 

74 

72 

60 

58 

56 

44 

42 

40 

72 

100 

92 

89 

87 

72.5 

70 

67 

53 

50.4 

48.5 

72 

200 

154 

150 

147 

122 

118 

115 

90 

85 

81.5 

72 

300 

212 

205 

199 

167 

160 

156 

122 

116 

111 

72 

400 

327 

316 

309 

257 

248 

240 

188 

178 

171 

144 

500 

392 

380 

372 

310 

298 

290 

226 

215 

205 

144 

600 

483 

466 

455 

380 

366 

354 

277 

265 

253 

192 

700 

550 

530 

520 

432 

417 

404 

317 

301 

287 

192 

800 

638 

617 

600 

504 

481 

468 

368 

348 

334 

240 

900 

700 

675 

664 

550 

530 

515 

414 

383 

366 

240 

1,000 

780 

750 

735 

612 

588 

572 

1 

450 

425 

416 

288 


Two-cycle diesel engines 


75 

63 

60 

57 

40 

37 

34 

17 

14 

12 

72 

100 

78 

74 

71 

49 

45 

42 

21 

17 

14 

72 

200 

165 

157 

150 

102 

94 

88 

44 

36 

30 

144 

300 

229 

217 

208 

144 

133 

124 

60 

50 

42 

144 

400 

300 

285 

273 

191 

176 

165 

80 

66 

55 

192 

500 I 

370 

351 

336 

234 

216 

202 

98 

80 

68 

240 

600 

450 

427 

410 

282 

260 

244 

118 

98 

82 

288 

700 

525 

498 

477 

330 

305 

285 

139 

115 

96 

336 

800 

600 

570 

545 

378 

358 

320 

158 

130 

109 

384 

900 

675 

640 

615 

425 

393 

368 

178 

147 

123 

432 

1,000 

750 

710 

682 

475 

440 

410 

198 

163 

136 

1 480 


Basic data: 

Gas flow 

4 cycle — 12 lb per rated hp 
2 cycle = 20 lb per rated hp 


Feed water, 140 F 


Load 

Gas tempera- 
ture, deg F 

4 cycle 

2 cycle 

FuU 

700 

500 

Three-fourths 

600 i 

400 

One-half 

500 

300 


Courtesy of Foster "Wheeler Corporation. 
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3 

16 

10 
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52 
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54 
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12 

24 
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5 

23 

14 

30 

1% 
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78 

6 
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18 

36 

1% 

800 

940 

93 

8 

30 

22 i 

43 

2 i 

1,200 

1,400 

104 

10 

38% 

24 

49 

2% 

2,000 

2,300 

124 ^ 

12 

45% 

30 

57 

2% 

2,750 

3,170 

139 

14 

49% 

34 

64 

2% 

3,000 

3,525 

147 

16 

56% 

35 

70 

3 

4,250 

4,880 


Fig. 148. — Standard sizes of combined heater and silencer, Maxim model WHS, 
(.Courtesy of The Maxim Silencer Company.) 
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Where several engines exhaust to a common boiler, suitable gas 
dampers should be provided between the engine exhaust and the 
exhaust manifold to the boiler. 



Fig. 149. — Heat-reelaiming, spark-arrester snubber. ^Courtesy of Burgess Battery 

Company.) 

In addition to waste-heat boilers, there are available today 
waste-heat water heaters where it is desired to obtain hot water 
from the waste heat in the exhaust rather than steam. 
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183 . Combined Muffler and Boiler. — The two major manu- 
facturers of mufflers have recently designed units that com- 
bine both the muffler and waste-heat boiler in a common unit. 
Maxim Silencer Company builds the unit shown in Fig. 148. 
The unusual feature of this unit lies in the fact that the steaming 
capacity is varied by changing the amount of water in the heat- 
recovery section. The greater the height the water is carried 
in the muffler-boiler, the greater the steaming rate. 

An entirely different arrangement is that used by the Burgess 
Battery Company in their combined muffler boiler, Fig. 149. 
Here the boiler section may be either put into operation or by- 
passed through the operation of a butterfly valve within the 
unit. 

184 . Effect of Boiler on Exhaust Back Pressure. — Increasing 
the back pressure on a diesel-engine exhaust with a consequent 
reduction of the power output of the engine has long been a worry 
of the engine designer and operator. This effect was shown in 
Fig. 62. Some waste-heat boiler designers claim they can effect 
a reduction in exhaust back pressure by the use of a waste-heat 
boiler. On the other hand, others contend that a draft loss of 
about 3 in. of water is necessary through the boiler in order that 
the exhaust gas may have sufficient velocity to provide reasonable 
heat-transfer coefficients. 

Installation records of four-stroke-cycle engines equipped 
with waste-heat boilers show that a back pressure of 3 to 4 in. 
through the boiler does not apparently affect engine economy 
or performance. While there is considerable difference of opinion 
as to the amount of back pressure a two-stroke-cycle engine will 
permit, a waste-heat boiler imposing as much as in. back 
pressure on this type of engine apparently does not adversely 
affect the engine operation. 

185 . Estimating Heat Recovery. — In order to approximate 
the probable heat recovery from an internal-combustion engine, 
Fig. 150 has been prepared. This chart, developed for mechani- 
cal-injection engines, permits a rapid check of the characteristics 
of exhaust gas for heating purposes. By starting with the rated 
engine horsepower the following items can be obtained in 
succession : 

1. Quantity of exhaust gas per hour (which remains constant 
for all loads). 
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2. Total heat in the exhaust above 60 F, knowing the exhaust- 
gas temperature. 

3. Total heat economically recoverable in Btu. 

4. Total quantity of hot water or steam produced with inlet- 
water temperature of 60 F. 



Fig. 150. — Chart for determining economical heat recovery from engine exhaust. 

The example shown on the chart (Fig. 150) by means of the 
dotted lines and arrows is for a 750-hp four-stroke-cycle engine, 
considered to have an exhaust-gas temperature at full load of 
700 F. The chart shows that approximately 8,000 lb of exhaust 
gas are available per hour carrying approximately 1,400,000 
Btu above 60 F. The series of solid lines in the lower right-hand 
portion of this chart are to be used for determining the quantity 
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of heat economically recoverable in hot water, while the dashed 
lines are to be used for determining the quantity of heat eco- 
nomically recoverable in the form of steam at 5 lb gauge pressure. 
The temperature values carried by these lines correspond to the 
exhaust temperature under consideration ; in this example 
700 F. With a total of 1,400,000 Btu in the engine exhaust, 

650.000 Btu can be recovered in steam at 5 lb gauge pressure or 

700.000 Btu can be recovered in the form of hot water. Follow- 
ing the dotted lines through the lower left-hand chart, it is seen 
that approximately 600 lb of steam at 5 lb gauge pressure or 

7.000 lb of hot water at 160 F can be produced. 
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CHAPTER XVI 
ACCESSORIES 

In addition to the major equipment required for the functioning 
of any power plant, there are many auxiliaries that are required 
to ensure the proper operation of engines, generators, fuel 
handling, and other plant equipment. Many of these accessories 
have been discussed in other chapters. This chapter will be 
devoted to engine-starting facilities, meters, and instruments, 
and automatic-control equipment. 

186. Engine-starting Systems. — Since manual starting can 
be used only for engines of small horsepower capacil^, it is 
necessary to provide a power source for starting most engines. 
There are three methods used for engine starting as follows: 

1. Electric storage battery. 

2. Auxiliary gasoline engine. 

3. Compressed air. 

Some engines are equipped to start on low-compression pressure 
using gasoline for fuel, but these engines are largely confined to 
automotive service. 

Storage batteries driving a starting motor in a manner similar 
to that used for automobile starting are employed on numerous 
high-speed diesel engines used in trucks, tractors, small power- 
generating units, and railway locomotives. For engines of 100 hp 
and smaller, a 12-volt storage battery is suitable, while larger 
capacity engines require a 24-volt battery. Batteries used for 
starting diesel engines must be specially designed to deliver 
large quantities of electrical energy during the starting period. 

A small gasoline engine is used for starting the diesel engine 
on some makes of tractors, trucks, and railway locomotives, as 
well as on some engines driving electric generators. This 
auxiliary engine is usually cranked by hand. A clutch is provided 
which permits the gasoline engine to turn over the diesel engine 
until it begins operating, after which the clutch no longer 
functions. 


331 
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All slow-speed engines used in central-station and industrial 
service are started on compressed air. Since most engines used 
in power-plant service require compressed air for starting, this 
starting system will be considered in detail. 

187. Engine -starting Requirements. — Most engines employ 
250 psi starting air pressure, although some require higher and 
some a lower pressure. The amount of air required to start an 
engine varies widely. It is influenced by the temperature of the 
cylinder walls and head, torque required to turn over the engine, 
oil drag, ignition characteristics of the fuel, skill of the operator 
in starting the engine, and many other factors. All other condi- 
tions being equal, a four-stroke-cycle engine generally requires 
more compressed air to start than does a two-stroke-cycle 
engine. 

Since the amount of air required for starting is so indefinite, 
because of the many influencing factors, it is always advisable 
to provide ample capacity in air tanks to start an engine under 
all conditions. 

188. Air-starting Equipment. — The equipment required for an 
adequate starting system using compressed air consists of one or 
two compressors, air-receiver tanks, and air piping, including 
the necessary safety valves, pressure gauges, and control valves. 

If a single air compressor is used, it should be equipped with 
an electric motor and a gasoline engine to drive it. The gasoline 
engine is used for driving the compressor during the initial charg- 
ing of the air receivers before the plant goes into operation and 
for emergency charging in the event the plant is shut down. 
After the plant starts operating, the electric motor drives the 
compressor for recharging the tanks, either through manual or 
automatic control. When two compressors are used, one is 
driven by a gasoline engine, and the other by an electric motor. 
Fig- 151. Both arrangements are used, although the arrange- 
ment using two compressors, while somewhat more expensive, is 
generally considered to be more reliable. 

The number of air-receiver tanks installed is dependent 
largely upon the desires of the operator and the designing 
engineer. It is the usual policy when installing a single engine 
to provide two air receivers, while for installations having more 
than one engine, it is usual to provide one tank for each 
engine. 
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189. Air-starting Tanks. — ^Air-starting tanks may be con- 
structed either by riveting or welding suitable steel plate. 
Owing to the high pressure involved, and the possibility of 
damage that might result from the failure of an air-receiver tank, 
all air tanks should be built in accordance with the A.S.M.E. 
Code for Unfired Pressure Vessels. It is a wise precaution to 
secure tanks designed for normal working pressures 30 to 50 
per cent greater than the actual working pressure of the air- 
starting system. 



!Fig. 151. — Motor- and engine-driven air compressors for engine-starting system. 


Openings should be provided in each tank for an air line, a 
drain connection, and a pressure-gauge connection. The main 
air connection may be either flanged or screwed, while drain and 
pressure-gauge openings are usually arranged for screwed 
connections. 

Air tanks should be shut down and drained periodically to 
prevent corrosion on the inside tank surface. 

There appears to be no standard range of sizes for air starting 
tanks. Diameters of tanks vary from 20 in. to over 4 ft, while 
tank lengths range from 5 to 10 ft and sometimes longer. The 
capacity of air receivers may be estimated by the use of Table 
53 which gives the volume per foot of length of the receiver for 
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various diameters. No account is taken of the increase or 
decrease in tank volume for rounded or sunken heads. 

Table 53. — 

-Air-tank Capacities 


Capacity in Cubic Feet 

Diameter, Inches 

per Foot of Length 

18 

76 

20 

2.18 

22 

2.64 

24 

3.14 

26 

3.68 

28 


30 

4.91 

32 

5,57 

34 

6.30 

36 

7.06 

38 

7.87 

40 

8.71 

42 


44 

10.58 

46 

11.52 

48 

12.58 


Note. — To get the volume of a particular tank, multiply the length of the tank by the 
capacity per cubic foot for the particular diameter. For example a 30 in. diameter tank 
8 ft long has a volume of 8 X 4.91, or 39.28 cu ft. 



Fig. 152. — Chart for determining time required to compress 1 cu ft of air from 
atmospheric pressure to 250 psi gauge. 

190. Air Compressors. — Compressors used for starting of 
internal-combustion engines are usually two-stage units equipped 
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for either motor or gasoline-engine drive or both. The size of 
an air compressor is determined primarily by the rate at which 
the air tanks are to be charged. The compressor used is usually 
small since the capacity of air tanks installed is limited. The 
amount of time the compressor operates is dependent upon the 
number of engine starts per day and the skill of the operator in 
starting the engine. 

Figure 152 shows the time required to deliver a cubic foot of 
air at a pressure of 250 psi for various compressor capacities. 
The compressor displacement in cubic feet per minute and the 
actual air delivery are given. For example, a compressor having 
a displacement of 30 cfm will actually deliver 22 cfm of com- 
pressed air and requires 0.78 min to charge a volume of 1 cu ft 
from atmospheric pressure to 250 psi gauge. 

Capacities of several sizes of compressors are given in Table 
54, Different compressor manufacturers produce machines 
varying somewhat from these data, but the information is typical 
of the sizes and types of compressors usually found in internal- 
eombustion-engine power plants. 


Table 54. — Air Compressor Sizes — Two-stage Units Delivering Air 
AT 250 Psi Gauge 


Size, in. 

Displacement, 

cfm 

Actual air delivery 
at 250 psi, cfm 

Speed, 

rpm 

Motor, 

hp 

3K X 2 X 2M 

9.1 

5.9 

650 ! 

2 

4 X 2K X 3 

’ 16.5 

12.0 

760 

5 

4 X 2M X 3 

18.3 

13.3 

840 

6 

5M X 3 X SH 

19.3 

14.5 

440 

7K 

X 3 X SM 

40.0 

30.0 

900 

15 


191. Compressed-air Lines. — In determining the size of com- 
pressed-air lines required for connecting air tanks to the starting 
equipment on an internal-combustion engine, the nomographic 
chart, Fig. 153, will be found useful. With the quantity of air 
required by the engine known, the pressure drop for any size line 
can readily be determined. 

192. Meters and Instruments. — ^The successful operation of 
any power-producing apparatus is dependent upon intelligent 
operation based upon knowledge of the condition of the equip- 
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ment at all times. Such knowledge is obtained only by using 
suitable meters and instruments. It is necessary, therefore, that 
the plant designer provide for the operating staff those meters 
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Fig. 153.- 


-Nomographic chart for determining pressure drop in high-pressure 
air piping. (JJourtesy of Power.) 


and instruments which will aid in securing correct operating 
conditions. 

193. Types of Meters. — Meters required for the operation of 
internal-combustion-engine plants can be grouped into three 
classes according to the functions of the meter. Practically 
all meters used will fall under one of the following three groups : 
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1. Meters indicating temperature, 

2. Meters indicating pressure. 

3. Meters indicating quantities. 

Each of these groups can be further divided to include the particu- 
lar service or condition requiring that type of meter. This 
division is as follows: 

1. Meters indicating temperature. 

Cooling water in and out of engine. 

Cooling water in and out of lubricating-oil cooler. 

Lubricating oil in and out of engine. 

Exhaust of each engine cylinder. 

Fuel oil (particularly for heavy fuel oils). 

2. Meters indicating pressures. 

Cooling water in and out of engine. 

^ Fuel oil to engine. 

Lubricating oil to engine. 

Starting air. 

Injection air. 

Scavenging air. 

Intake air. 

Suction and discharge of circulating water pumps. 

3. Meters indicating quantities. 

Fuel oil delivered to day tanks. 

Water circulated through engines. 

Electrical energy produced. 

All the meters set forth in. the foregoing summary are generally 
of the indicating type. Where desirable, any or all of them 
can be made recording to provide a continuous record of the 
conditions at all metering points which may be used for further 
study or for checking conditions contributing to possible operat- 
ing difficulties or failures. 

194. Temperature Meters. — Temperature can be obtained by 
the use of thermometers, thermocouples, or optical pyrometers, 
although thermometers and thermocouples are the only ones 
employed in internal-combustion-engine plants. Mercury ther- 
mometers are used extensively for indicating temperatures of 
circuMting water, lubricating oil, fuel oil, and for other tempera- 
ture measurements usually below 300 E. 

The thermocouple is universally employed for obtaining 
exhaust temperatures. The element is usually an iron-con- 
stantan combination, although nichrome-constantan, chromel- 
alumel, or nichrome-altimel may be used. Iron-constantan and 
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niehrome-constantan elements are good for temperatures up to 
1600 F, while the chromel-alumel and nichrome-alumel elements 
can be used for temperature measurements as high as 2000 F. 



The thermocouple is an electric battery, in which the voltage 
developed is proportional to the temperature difference between 
the cold end of the element and the point of application of heat 


Fig. 164. — Pyi*ometer instruments used for measuring engine-exhaust temperatures. A. Round-type pyro 
eter. B, Rectangular-type pjTometer. {Courtesy of Illinois Testing Laboratories.) 
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to the junction of the two dissimilar metals. A millivoltmeter, 
calibrated to read in terms of temperature, is used with the 
thermocouple. It is accurate to within ± 1 per cent of the full- 
scale reading of the milli voltmeter. Where a potentiometer is 
used instead of the milli voltmeter, the accuracy can be brought 
to within +0.05 per cent. For power-plant service, this extreme 
accuracy is not warranted and the millivoltmeter is universally 
used. 

195. Pressure Meters. — Wherever pressure readings are 
required, it is customary to use bourdon tube gauges for this 



A B 

Fig. 155. — Bourdon-tube pressure gauge. {Courtesy of Crosby Steam Gage cfe 

Valve Company.) 


purpose. They can be obtained for indicating a wide variety 
of pressures ranging from the extremely high to subatmospheric. 
The operating element in this type of gauge is a curved tube, 
one end of which is open to admit liquid, the other end closed. 
As the pressure on the liquid in the tube is increased, it tends to 
straighten out. This tube movement is transmitted through a 
link-and-ratchet assembly to the moving pointer which in turn 
indicates the pressure on a graduated scale. The internal 
workings of such a gauge are shown in Fig. 155. 

For pressure measurements involving slight pressure drops, 
a simple XJ-tube arrangement, similar to that shown in Fig. 116, 
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may be used. For small pressure variations from atmospheric, 
water can be used in the tube, while mercury serves best for 
pressure variations of considerable magnitude. 

196. Metering Quantities. — It is the general practice in 
intemal-combustion-engine power plants to use displacement 
meters for measuring the quantity of oil received by the plant 
and delivered to the several engine day tanks. Where gas fuel 
is used, either an orifice meter or a suitable displacement meter 
is required. Water delivered to the cooling system on an engine 
can be measured by means of a suitable orifice or Venturi tube, 
or by means of a Rotameter developed by Schutte & Koerting 
Company for direct reading of the rate of flow. 

Electrical meters and instruments are dealt with in considerable 
detail in Chap. XVIII. 

197. Automatic Control. — ^Automatic control of internal- 
combustion-engine plants has received considerable attention, 
and some plants have been installed in the United States which 
are completely automatic. Applying automatic control to any 
installation is purely a matter of economics and reliability. 
Usually in a central station supplying electrical energy to a 
community, a staff of operators is required to handle certain 
functions that are not readily adaptable to automatic control. 
However, there are many operations in these stations which 
have a full operating staff which are entirely automatic in 
operation. 

When the problem is studied in detail, it is seen that automatic 
control is used to some extent in many plants. As the number 
of automatic controls increases, the point is reached where the 
operation of the entire plant becomes automatic. There is a 
wide divergence between the plant in which only a few operations 
are controlled automatically and the installation where all 
functions are automatic in their operation. Essentially, auto- 
matic control can be divided into two groups of operations : those 
which are necessary to put the plant in operation and those 
required to shut it down. 

198. Automatic Starting Devices. — Those devices necessary to 
start up an engine-driven generating unit and put it into operation 
must perform the following operations: 

1. Start up the engine. 

2. Adjust the engine speed. 
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3. Bring the voltage on the generator up to line voltage. 

4. Bring the unit into synchronism with the line if the generator 
is an a-c machine. 

5 . Connect the generator to the line after the foregoing opera- 
tions have been performed. 

In starting up the engine, suitable interlocking electrical relays 
and electrically operated valves and controls must be provided to 
start up circulating-water pumps, open valves in the circulating- 
water system, start the engine on compressed air, and finally run 
the engine on its intended fuel. The other controls enumerated 
under items 2 to 5 have been used extensively in automatic 
electric substations for many years and are thoroughly reliable 
and dependable instruments. 

199. Shutdown Devices. — In addition to starting up the plant, 
it is necessary that other instruments be available for shutting 
down a unit in the event that some mechanical or electrical 
difficulty develops. These shutdown devices are usually con- 
sidered to cover the following: 

1. Overspeed of the engine. 

2. Failure of lubricating-oil supply. 

3. Failure of cooling- water supply. 

4. Electric generator failure. 

It is customary in most of the plants now being built to provide 
some or all of these automatic shutdown devices even though a 
full operating staff is employed in the station at all times. 
This trend results from the desire on the part of the plant 
superintendent to protect his equipment even though it might 
result in a momentary interruption to service. Realizing the 
seriousness of engine overspeeding, or the failure of the lubricat- 
ing-oil or cooling- water supply, he prefers to shut down the 
engine automatically rather than take a chance on seriously 
damaging the equipment. Wherever such shutdown devices are 
employed, they should be operated periodically to ensure that 
they will function in case of an emergency. 

200. Alairms. — Most plant operators desire that certain of the 
operations in their plant be equipped with alarms to indicate to 
them when dangerous operating conditions may exist. For 
example, gongs are often wired into temperature-indicating 
instruments to warn the operator of high jacket- water or high 
lubricating-oil temperatures. Some operators also want to 
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know the condition of their air starting tanks, and oftentimes 
they have a gong or howler arranged to sound in the event their 
starting air pressure drops below a predetermined value. Such 
alarms are generally used to indicate that a condition exists 
which must be rectified immediately or dangerous operating 
conditions will result. 



CHAPTER XVII 


MAINTENANCE 

The adequacy of the design of any internal-combustion-engine 
power plant is reflected in the ease with which it is operated; 
the continuity of operation is directly proportional to the 
effectiveness of the maintenance program instituted when the 
plant is put into operation. In reality, efficient operation of any 
mechanical equipment is as much a matter of proper care of the 
equipment as it is successful starting and stopping machines and 
correct manipulation of electrical auxiliaries. 

A new diesel engine, properly operated, is expected to produce 
power with high economy and reliability. As the engine con- 
tinues to operate, wear occurs in bearings, pistons, cylinder 
liners, piston rings, cams and cam rollers, and in other places 
where two surfaces move with respect to one another. The 
efficiency of the cooling system may fall off gradually, and other 
items of plant equipment may slowly lose their effectiveness. 
Such changes occur very gradually, and it is difficult in the day- 
to-day operation of the plant equipment to realize that they 
are taking place, 

201. Adequate Daily Records. — Such gradual wear can be 
determined only through the compilation of adequate daily 
operating records and a systematic check and inspection of the 
equipment. The extent of the daily operating record main- 
tained is influenced by the size and number of engines installed 
and the character of the service they supply. Regardless of the 
size or number of engines operating, a daily record should be kept 
as a guide for the proper maintenance and reconditioning of the 
units. 

For diesel-electric generating plants, which supply an electric 
utility, the operating record maintained should be much more 
extensive than the record kept of a single engine supplying power 
for a small industry. The former would require complete 
records every hour or every half-hour of cylinder exhaust tem- 

343 
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peratures; cooling-water temperatures to and from each cylinder 
jacket; lubricating-oil temperatures; fuel, lubricating oil, and 
air pressures; electrical-load readings for each generator; and 
weather conditions outside the plant. The latter might require 



only that a record be made once every 4 or 8 hr of temperatures, 
pressures, fuel consumption, and load. In either case, an 
adequate record should be kept of equipment operation. 

202. Plant Cleanliness. — clean power plant is usually well 
run and well maintained; a dirty plant may be, although it seldom 
is, well run and well maintained. Strange though it may seem 
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to some, this relationship between plant cleanliness and good 
operation is very marked. The operator who allows grease and 
oil to accumulate on the floor, lets wiping rags lie wherever 
they conveniently land, and permits trash to accumulate is very 
likely to be an individual who never pays much attention to the 
story the exhaust pyrometer tells, or attempts to keep any 
definite maintenance schedule for his equipment. On the other 
hand, the operator who keeps his plant cleaned up is usually a 
methodical individual with a definite maintenance routine that 
leaves nothing to chance. 

203. Scope of Maintenance Program. — ^The maintenance 
program should be all inclusive, embracing equipment and 
auxiliaries in the plant as well as structures for housing equip- 
ment. In a broad sense the equipment and structures that must 
be kept in good repair if successful operation is to be assured can 
be classified as follows: 

1. Engines. 

2. Engine-cooling system. 

3. Fuel-storage and handling equipment. 

4. Lubricating-oil conditioning and handling equipment. 

5. Air intake and exhaust equipment. 

6. Starting system. 

7. Meters and instruments. 

8. Electrical equipment. 

9. Plant structures. 

Each classification will be considered in the order given. 

204. Engine Maintenance. — To be successful, engine main- 
tenance must be based upon adequate operating records and 
performed by skilled mechanical personnel. It must be done 
at the right time and in the proper manner. 

Many maintenance operations are determined on the basis of 
hours of engine operation. Such a schedule must be developed 
for the engines being operated, since parts requiring attention 
may vary with the make and type of^ engine. When an engine 
is installed, the manufacturer furnishes with it a book of operating 
and maintenance instructions. Such instruction material should 
be studied carefully by those responsible for the maintenance of 
the equipment in order that the engines be kept in first-class 
operating condition at all times. From such instructions, and 
experience with the engine, a schedule of maintenance operations 
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can be developed. An example of such a maintenance schedule 
is given in Table 55. 

Table 55. — Engin'e-maintenance Schedule 

Recommended 
maximum time 

^ , between inspections 

Item to be inspected 


Months 


Remove and clean pistons 12 

Clean and regrind exhaust valves 6 

Clean and regrind air-starting valves 6 


Clean and regrind air-starting check valves 

Fuel-pump valves cleaned and reground and plungers 

examined 

Check tightness of spray valves each time engine is 
shut down 

Check camshaft gears or chains and adjust if necessary 

Examine and adjust governor 

Check and adjust wrist-pin bearing each time cylinder 
is removed 

Cheek and adjust crankpin bearings 

Alignment of main bearings checked when crankpin 
bearings adjusted 

Main bearings checked and adjusted 

Crankshaft alignment checked and adjusted 

Lubricating-oil tanks and piping cleaned 12 

Lubrieating-oil piping examined for leaks and loose 

joints 2 

Lubricating-oil pumps examined 

Cylinder-head jackets examined and cleaned 

Cylinder jackets examined and cleaned 

Flush out crankcase 


“ This time interval is dependent upon the condition of the jacket water used for cooling 
the engine. 

There are other adjustments that must be made from time to 
time to ensure the correct operation of the engine. Many of 
these adjustments result from information obtained by instru- 
ments installed to indicate operating conditions. As an example, 
the fuel pumps and injection nozzles of the several engine 
cylinders are adjusted at the time the engine is put in operation 
to develop substantially the same horsepower output in each 
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cylinder. This is checked by tbe exhaiist temperature of each 
cylinder, and adjustments are made so that the maximum 
variation in exhaust temperatures from the several cylinders 
at one particular load does not exceed 20 or 25 F. If the maxi- 
mum variation in exhaust temperatures for the several cylinders 
at the load where they were previously balanced exceeds approxi- 
mately 40 F, it becomes necessary to make adjustments in the 
fuel-delivery system to equalize the load between cylinders. 
The cylinder with the highest exhaust temperature is doing the 
most work, and conversely, the cylinder with the lowest exhaust 
temperature is doing the least work, all other things being equal. 
Unless care is taken to see that the load is evenly divided among 
the several engine cylinders, some may be overloaded when the 
engine is operating at full-load rating. Pull cards taken with an 
engine indicator also aid in determining the relative performance 
of the several cylinders. 

Engine compression should be checked periodically with an 
indicator. The diesel engine ignites the fuel charge by the heat 
of compression, and this compression pressure must be great 
enough at all times to raise the temperature of the air above the 
ignition point of the fuel. The probable causes for variations in 
compression pressure are leaky valves, loose piston rings, low 
scavenging-air pressure in two-stroke-cycle engines, obstructions 
in the air suction line, or increased piston end clearance. 

Often the operator is confronted with the difficulty of trying 
to determine the condition of main and connecting-rod bearings, 
which, from inspection, appear to be badly corroded. As 
pointed out by Willi, ^ surface discoloration of a bearing does not 
necessarily* mean that the bearing has been corroded or that it is 
unsafe for further use. Surface discoloration may be removed 
with an ordinary ink eraser, or by boiling the bearing in a 10 
per cent solution (by volume) of Oakite No. 29 for 15 to 30 min 
followed by a thorough scrubbing of the surface with a suitable 
mechanic's soap. After such treatment, a bearing that has 
merely discolored will appear as clean and bright as a new 
bearing. 

Hair-line cracks in the surface of the bearing metal often 
cause concern to the operator. Such bearings are usually satis- 

^ Willi, Albekt B., Bearings for Diesel Engines, Mech. Eng.^ voL 64» 
No. 6 , p. 439, June, 1942. " 
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factory for service until approximately 20 per cent of the bearing 
surface is covered with cracks. If, for example, after 1,000 hr 
of operation, cracks appear on approximately 2 per cent of the 
bearing surface, the bearing can be estimated to have a life of 
10,000 operating hours, with 9,000 hr of useful life remaining. 
This comes about owing to the fact that the progress in the 
formation of such hair-line cracks is roughly proportional to 
the hours of operation of the bearing- 

205. Cooling-system Maintenance, — Cooling-system mainte- 
nance should be conducted on a definite schedule to ensure 
proper operation of the cooling facilities. Water temperatures 
to and from the engine should be recorded periodically on the 
station log, and any variation in these temperatures from normal 
should lead to an immediate investigation as to the cause for 
the change. In this connection, all thermometers used for 
indicating water temperatures in the cooling system should be 
checked periodically to ensure their accuracy. 

Gauges used to indicate pressure in the cooling-water system 
should be checked at least once a year, and preferably twice a 
year, by means of a dead-weight tester to maintain their 
accuracy. 

If a cooling tower is used, the basin should be drained twice 
a year and all dirt, leaves, and other debris removed which 
might clog strainers, piping and valves, or pumps. The use of a 
divided cooling-tower basin, Fig. 99, aids in this cleaning opera- 
tion, since one-half of the basin can be taken completely out of 
service. If spray coils are installed in the tower, they should 
be valved to permit taking a portion of the coils out of service 
for cleaning or tube replacement while the remainder continue in 
operation. 

Shell-and-tube heat exchangers forming a part of a closed 
cooling system should be shut down periodically for cleaning. 
While out of service, all tubes should be checked for possible 
leaks. The frequency with which shell-and-tube exchangers are 
cleaned will be influenced by the rate of accumulation of dirt and 
scale in the exchanger. This rate of dirt and scale accumulation 
can be determined from the record of jacket- water temperatures 
to and from the engine, since the fouling of the heat exchanger 
will cause both the inlet and outlet water temperatures at the 
engine to rise above their normal values. 
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Radiators used for engine cooling should be drained and 
cleaned periodically. If make-up water added to the radiator is 
high in carbonate and noncarbonate hardness, it will be necessary 
to remove the scale from the radiator periodically by means of a 
suitable acid solution. 

All piping and valves in the cooling system should be inspected 
periodically for leaks and for correct operation of valves. Many 
valves installed in cooling- water piping are used very infrequently 
in the normal course of plant operation. Such valves should 
be tested periodically to ensure that they will be in working 
condition when they are required. 

Circulating- water pumps should be dismantled and thoroughly 
inspected at least once a year. In some cases, mineral deposits 
will accumulate upon pump impellers, thereby changing the head- 
capacity characteristics of the pumps. All such built-up 
materials should be removed from the impellers. Wearing rings 
should be inspected for clearance, bearings should be inspected 
for wear, and shaft packing should be tightened or replaced as 
the inspection may indicate. 

206. Fuel-system Maintenance. — Maintenance of the fuel 
system is essentially a matter of keeping tanks, strainers, and 
piping systems clean and eliminating all leaks from fuel containers 
and piping system. 

In plants employing oil for fuel, it is essential that all bulk 
storage tanks be taken out of service periodically and all water 
and sediment accumulated in the bottom of each tank cleaned 
out. While the cleaning-out work is in progress, the interior of 
the tank should be inspected for possible leaks. This applies to 
steel tanks located above or below ground as well as reinforced- 
concrete tanks installed imderground. Steel tanks should also 
be checked during the cleaning period for possibility of internal or 
external corrosion, and if corrosion is found, immediate steps 
should be taken to eliminate the cause of such corrosion. Special 
care should be taken with vertical tanks set flush with the ground 
surface, to see that corrosion does not attack the bottom of the 
tank. Steel tanks in exposed locations should be painted 
periodically to minimize extended corrosion. 

Where heating coils are installed in fuel-oil storage tanks, 
they should be checked periodically to ensure that leaks have not 
developed in the heating coils. Where such heating coils use 
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jacket water for fuel-oil heating, it is necessary to ensure that 
oil does not get into the jacket cooling water. 

The efficiency of fuel-oil pumps should be checked regularly. 
Since most oil pumps are of the gear type and act as positive 
displacement pumps, the amount of wear in the pump can be 
roughly checked by noting the time required to pump a given 
volume of oil. Pumps used for unloading tank cars into station 
bulk storage tanks can be checked by determining the time 
required to unload a tank car of oil into storage. Transfer 
pumps for handling oil from bulk storage into engine day tanks 
can be cheeked by determining the time required to fill an engine 
day tank. As a pump wears, the slippage is increased, and 
consequently the time to pump a given volume of oil is increased. 

One source of difficulty with the fuel-oil system is joint leakage 
in exposed and buried lines. Oil leaks in exposed joints can 
be checked by thoroughly cleaning the joint and painting it 
with whiting. Any trace of oil will immediately show stain on 
the white surface. Leaks in underground lines are more difficult 
to detect, although careful checks of the quantity of oil pumped 
through a line and the quantity delivered at the discharge end of 
'the line will enable the operator to determine fairly accurately 
the leakage occurring in buried lines. This is a simple adaptation 
of the method used by gas and oil pipe-line companies to check 
leaks occurring in their cross-country transportation lines. Leaks 
in joints of a gas line can be detected by coating the joint with 
soapsuds. 

Oil strainers should be cleaned periodically, care being taken 
to ensure that none of the foreign material caught by the strainer 
is permitted to get into the piping system beyond the strainer. 

207. Maintenance of Lubricating-oil Equipment. — Maintain- 
ing lubricating-oil equipment consists essentially in keeping 
the reconditioning equipment in first-class operating condition 
and the tanks and piping used for handling lubricating oil clean 
and tight. The bulk of the lubricating oil used in the plant 
is reconditioned either with a centrifuge, filter, or chemical 
reclaimer. It is essential that this item of reclaiming equipment 
be kept in first-class working condition in order that purification 
of the lubricating oil will be satisfactory. 

Centrifuges must be regularly cleaned of the carbon and other 
foreign matter removed from the lubricating oil. Heaters 
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employed with the centrifuge must be cleaned periodically or 
they will fill with sludge, and heating of the oil prior to centrifug- 
ing will not be satisfactory. Excessive wear of bowls and bowl 
disks which occurs over a long period of time may necessitate 
the rebalancing of the centrifuge-operating mechanism. This is 
usually a factory operation. 

Filters should be cleaned periodically, the length of periods 
between cleaning depending upon the amount of foreign matter 
removed from the lubricating oil in relation to the capacity of the 
filter. Care must be taken in cleaning and recharging filters 
employing fuller’s earth encased in cloth bags to see that no earth 
is permitted to get into the oil system and be carried over into 
an engine or damaged bearings may result. 

Chemical reclaimers should be given a thorough overhaul at 
least once a year. Heating elements should be cleaned, thermo- 
stats checked to ensure correct operating temperatures, pumps 
checked for wear, and filter presses cleaned and inspected 
to ensure their correct operation. In operating a chemical 
reclaimer, care must be taken to see that fuller’s earth does not 
get through the filter press and over into the oil being returned 
to the engine-lubricating system, or damaged bearings may result. 
In this connection, operators should be warned not to reuse filter 
paper in the filter press. Reuse of filter paper has resulted in 
fuller’s earth being forced through the filter press, finding its 
way into the engine lubricating system, and damaging bearings. 

Lubricating-oil storage tanks must be cleaned regularly. 
Those tanks holding only clean oil should be drained and cleaned 
out at least once every 6 months, and tanks used to hold dirty 
oil should be cleaned out at least every 60 days. 

Lubricating-oil piping should be checked for oil leaks by 
the application of whiting to all joints as described in the dis- 
cussion of the maintenance of fuel-oil piping. 

Pumps used for transferring lubricating oil should be inspected 
regularly, and any wear in the pump compensated for in order 
that the pump function properly. 

208. Air Intake and Exhaust Maintenance. — The maintenance 
of air intakes and exhaust mufflers is largely a matter of cleaning 
operations. Air filters must be cleaned whenever the pressure 
drop through the filler becomes so great that the engine cannot 
obtain sufficient air for proper combustion. As pointed out in 
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Chap. XIII, Art. 146, a suitable draft gauge should be installed 
on each engine airdntake line to provide the operator with a 
constant indication of the draft loss through the air filter and 
engine air-intake line. When the draft loss exceeds a value 
determined for the particular engine operating, it becomes 
necessary to clean the air filters to ensure an adequate air supply 
to the engine. 

Air filters of the oil-bath type will not show so great a loss in 
air pressure through the filter due to dirt accumulation as will 
those of the viscous-impingement or, dry type. It is necessary, 
therefore, with oil-bath filters to make a monthly inspection 
of the sludging of the oil in the filter to determine when it is 
necessary to clean out the filter and replace the oil in it. 

Exhaust mufflers and exhaust piping should be kept free of 
carbon deposits. Excessive use of cylinder lubricating oil and 
poor combustion of the fuel in the engine will cause the formation 
of considerable carbon in the exhaust line and muffler of an engine. 
This carbon, together with such oil as might find its way into the 
exhaust system, is a potential fire hazard. Steps should be 
taken to ensure that an excessive amount of carbon does not 
build up in the exhaust line and muffler. In the event carbon 
does accumulate, it must be removed in order to eliminate the 
possible fire hazard and probable damage to the muffler and 
piping. 

209. Starting-system Maintenance. — Maintenance procedure 
for the engine-starting system is influenced by the type of system 
employed. Where electric storage batteries are used, such 
batteries must be kept supplied with distilled water and charged 
in order to ensure proper operation of the starting facilities. 
Gasoline engines used for starting purposes must be operated 
regularly to ensure that they will function when required. 

Air starting equipment and the connecting piping must be 
inspected regularly. Pipe joints should be checked for leaks by 
the use of soapsuds, valves should be operated to ensure that 
they are tight, and safety valves should be checked periodically 
to ensure that they will open within the pressure range for which 
they are set. Air-pressure gauges should be tested periodically 
with a dead-weight tester. 

Air receivers should be drained and inspected for corrosion, 
both internally and externally, at regular intervals. Drains in 
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piping lines should be opened periodically to remove all 
trapped moisture. 

Air compressors should be given a regular overhaul in which 
bearings, rings, V-belt drives, motor and gasoline engine should 
be checked for wear and satisfactory operation. 

210. Maintenance of Meters and Instruments. — ^All meters 
and instruments including therihometers, pressure gauges, and 
electrical meters should be periodically checked against known 
standards to ensure their accuracy. In a recent instance, a 
diesel engine driving an electric generator was severely over- 
loaded because the wattmeter on the switchboard was not 
registering correctly. What the operator took for full load as 
measured by his indicating wattmeter on the switchboard was 
substantially 40 per cent overload, the error being due to a blown 
potential fuse causing the wattmeter to read incorrectly. 

All meters and instruments are delicate mechanisms and can 
be damaged beyond repair through careless handling. Owing 
to the fact that these instruments so vital for the successful 
operation of the plant are delicate, it is advisable to have one 
man on the plant staff responsible for the maintenance and 
checking of all meters and instruments. In most electric utilities 
it is usual to have a man in charge of the testing and repair of 
watthour meters used for metering the electricity sold to con- 
sumers. This individual is usually the best qualified to test, 
inspect, and repair thermometers, pressure gauges, and electrical 
instruments, and he should be charged with the responsibility 
for their correct functioning. 

Operators should be impressed with the fact that thermometers, 
pressure gauges, and electrical instruments are delicate, and 
should be cautioned against damaging them through carelessness 
or inexperience in making adjustments on them. 

211. Maintenance of Electrical Equipment. — The maintenance 
of electrical equipment deserves as much care and attention as 
does the maintenance of the engine and its mechanical accessories. 
Cleanliness in electrical equipment will pay large dividends in 
trouble-free operation of generators, exciters, motors, and elec- 
trical-control equipment. Oil, dirt, and moisture are the three 
elements that cause havoc with electrical equipment, and the 
removal of these three by careful cleaning will eliminate a large 
part of the potential difficulties with electrical equipment. 
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Electric generators, exciters, and motors should be cleaned 
at least once a month with compressed air. Switchboards should 
also be cleaned monthly to ensure that dust and dirt will not 
interfere with the correct operation of relays, meters, and 
instruments. 

Motor-operated devices used for emergency service should be 
operated periodically to ensure that no damage has been done to 
the motor and controls while the unit was idle. A motor of this 
type may deteriorate from corrosion or moisture if not properly 
protected and tested. 

Watthour meters should be cleaned, adjusted, and calibrated 
every 3 months. Relays and indicating instruments should be 
cleaned and calibrated at least every 6 months. 

Oil circuit breakers should be inspected and cleaned at least 
every 6 months, or following six operations of the breaker 
under load. This cleaning and inspection should include testing 
of the oil to ensure that its dielectric strength is satisfactory, 
truing up electrical contacts that may have been burned in 
operation, and the adjustment of the breaker closing and opening 
mechanism to ensure that it works under all operating conditions. 
Air circuit breakers should be inspected at least once every 6 
months to ensure that contacts are in good working order and 
that the breaker will open and close properly. 

Special care should be taken to ensure that brushes on genera- 
tors, exciters, and d-c motors are fitted properly. The correct 
type of carbon brushes should be used at all times, and they 
should work freely in the brush holders. In many stations, 
each shift operator is charged with the responsibility of inspecting 
all brushes at least once a shift to ensure that sparking, improper 
brush fit, or other brush defects do not occur. 

The commutator on each d-c exciter should receive careful 
inspection to ensure the proper operation of the commutator 
and brushes, care being taken to ensure that no uneven wear, 
excessive brush sparking, or other damage occurs. The com- 
mutator must be cleaned at least once a month, and special 
precaution should be taken to remove dust and dirt from the 
space between adjacent commutator bars. After the exciter 
has operated for some time, it may be necessary to true up the 
commutator, undercut the mica insulation between bars, or 
both. These operations must be done carefully to ensure that a 



Art. 212 ] 


MAINTENANCE 


355 


satisfactory commutator surface is obtained. Special machines 
are available for truing up commutators and undercutting mica. 
A careful workman can do these maintenance operations without 
the aid of the special tools mentioned, but care must be exercised 
in performing the operations. 

The brushes used on collector rings of the alternator rotor 
are often very hard, and excessive grooving and wear of the rings 
results. When collector-ring grooving becomes excessive, it is 
almost impossible to fit new brushes until the rings have been 
machined smooth. Brushes should not be too hard, and care 
should be exercised to ensure that irregular wearing of the 
collector rings does not occur. 

212. Maintenance of Plant Structures. — Plant structures 
must be maintained properly to ensure that the machinery 
contained in the plant will be housed satisfactorily. This type 
of maintenance involves painting of structural steel and all 
exposed steel work to eliminate corrosion; replacement of broken 
and cracked window glass; maintenance of roofs, roof drains, 
and flashing to prevent leaks through the building roof ; and the 
cleaning and painting of other structural items where such 
painting will prevent deterioration. 

This structural maintenance is often neglected until a major 
repair or reconstruction is necessary in the structure. Lack 
of continuous maintenance is costly, and the failure to make 
repairs as they become necessary often results in excessive 
repair costs when a major repair results from the failure to correct 
the minor difficulties as they occurred. 



CHAPTER XVIII 

ELECTRICAL EQUIPMENT 

The electrical equipment is of prime importance in any elec- 
trical generating station since the generator produces and the 
switchgear controls the energy produced in the station. This 
chapter will, therefore, be devoted to consideration of generators, 
switchgear, and allied electrical equipment associated with the 
production and control of electrical energy. 

213. Selecting an Electric Generator. — The selection of an 
electric generator requires that a thorough study be made of the 
service to be supplied as well as the characteristics of equipment 
available to meet the conditions surrounding the particular 
application. In selecting a generator for a particular duty, 



(a)~ Shunt-wound (b)-Compound-wound (c)--Compound -wound 

generator generator (Short shunt) genero»tor( Long shunt) 

Fig. 157. — Direct-current generator connections. 


the engineer should attempt, insofar as possible, to use standard 
equipment in order to keep the cost of the generator within 
reasonable limits. This requires that consideration be given to 
standards for generator rating, speed, voltage, temperature 
rise, frequency of alternating current to be supplied, and method 
of excitation. 

Generators are available for the production of either direct 
or alternating current.. In a majority of cases, a»c generators 
will be required since most of the electrical service throughout 
the United States is of this character. However, in some 
instances d-c generators will be^ needed, particularly where 
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electrical service is to be furnished in a hotel, office, apartment 
building, or industrial plant where d-c service is employed. 

214. Direct-current Generators. — Two types of d-c generators, 
the shunt wound, and the compound woimd, Fig. 157, are 
most widely used for power generation. Of the two, perhaps the 
compound wound finds the greatest application since by suitable 
proportioning of the shunt and series fields any voltage charac- 
teristic can be obtained. The voltage in a compound-wound 
generator can be made to fall, remain practically constant, or 
increase with an increase in load. On the other hand, a properl 3 ^ 
designed shunt generator operating at rated speed and within 
the range of load dictated by safe heating limits has an inherent 
tendency to regulate for nearly constant voltage. 

Direct-current generators are usually built for full-load 
voltages of 125, 250, and 600 volts, although 275 volts is available 
for mining service. Standard sizes range from 1 to 2,500 kw 


Table 56. — Standard Speed Ratings (Rpm) of Alternating-current 

Generators 


Number of poles 

Frequency, cycles per second 

60 

50 

25 

4 



750 

6 

... • 


500 

8 

. . . 

750 

375 

10 

720 

600 

300 

12 

600 

500 

250 

14 

514 

429 

214 

16 

450 

375 

188 

18 

400 

333 

167 

20 

360 

300 


22 

327 

273 


24 

300 

250 


26 

277 

231 


28 

257 

214 


30 

240 

200 


32 

225 

188 


36 

200 

167 


40 

180 
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with speeds from 80 to 1,750 rpm. Both two-wire and three- wire 
units may be obtained to meet conditions encountered on the 
system being served. Since voltages and speeds vary for the 
different generator ratings, it is advisable to consult the Stand- 
ards for Motors and Generators of the National Electric Manu- 
facturers^ Association in selecting the d~c generator required 
for a particular installation. 

216. Alternating-current Generators. — Alternating-current 
generators, usually referred to as alternators, for operating 
with diesel or gas engines, are built in standard sizes ranging 
from 1 to 8,000 kw, and for frequencies of 25, 50, and 60 cycles 
per second. Voltages range from 120 to 23,000 volts, although 
the more common are 240, 480, 600, and 2,400 volts. Rotating 
speeds of alternators most commonly used wi^ internal- 
combustion engines for the three standard frequencies are given 
in Table 56. 

While the range of speeds of engine-driven alternators most 
widely used in internal-combustion-engine plants is shown in 
Table 56, it is also advisable to know the standard sizes of generat- 
ing units as well as the range of speeds and voltages available. 
This information, for units varying in size from 31 to 5,000 kva, 
is summarized in Table 57. 

216. Generator Efficiency. — ^The efficiency of a generator is the 
ratio of the power produced by the machine to the power required 
to drive it. Stated in the form of an equation 

Generator efficiency = P?yer output X 100 

power input ^ 

where both input and output are measured in kilowatts. The 
difference between the input to the generator and its output 
constitutes the losses. Generator efficiency as determined by 
the American Institute of Electrical Engineers deals only with 
the generator proper and does not take into account the losses 
in the exciter and the field rheostat, neither of which is distinctly 
a part of the generator. Thus the only losses considered by 
the institute in its determination of generator efficiency are the 
following: 

1. I^R loss of armature and field coils at 75 C. 

2. Core losses. 

3. Friction and windage losses, 

4. Stray load losses. 
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Table 57. — Summary of Altebnatings-current Generator Capacities, 
Speeds, and Voltages 


Generator output 

Speed range, rpm 

Voltage 

Kva 

Kw at 
0.8 pf 

Max. 

Min. 

240 

480 

600 

2400 

31 

25 

720 

300 

X 

X 

X 

X 

44 

35 

720 

277 

X 

X 

X 


63 

50 

720 

257 

X 

X 

X 

X 

94 

75 

720 

240 

X 

X 

X 

X 

125 

100 

720 

225 

X 

X 

X 

X 

156 

125 

720 

225 

X 

X 

X 

X 

187 

150 

720 

225 

X 

X 

X 

X 

219 

175 

720 

200 

X 

X 

X 

X 

250 

200 

720 

200 

X 

X 

X 

X 

312 

250 

720 

150 


X 

X 

X 

375 

300 

720 

150 

X 

X 

X 

X 

438 

350 

720 

100 

X 

X 

X 

X 

500 

400 

720 

100 

X 

X 

X 

X 

625 

500 

720 

100 

X 

X 

X 

X 

750 

600 

720 

100 

X 

X ^ 

j ! 

1 X 1 

1 

X 

875 

700 

600 

100 

X 

X 1 

! X 

X 

1,000 

800 

600 

100 


X 1 

i X 

X 

1,125 

900 

600 

100 


X ! 

X 

X 

1,250 

1,000 

600 

100 


X 

X 

X 

1,563 

1,250 

600 

' 100 


i "" 

X 

X 

1,875 

1,500 

450 

100 


X 

X 

X 

2,188 

1,750 

300 

100 




X 

2,500 

2,000 

300 

100 




X 

2,812 

2,250 

257 

100 




X 

3,125 

2,500 

200 

100 




X 

3,750 

3,000 

200 

100 




X 

4,380 

i 3,500 

200 

100 




X 

5,000 

4,000 

200 

100 




X 


3^ — Where lower voltages are not listed as standard, they may be obtained at an 
increase over standard price. 


When efficiency information is secured for a generator to 
be driven by an internal-combustion engine, it is essential that 
the input-output efficiency of the machine including exciter and 



360 DIESEL- AND GAS-ENOINB POWER PLANTS [Chap. XVIII 


Table 58. — Probable Inpht-otjtput Alternator Eppicibncies 


Generator output 

Speed, rpm 

Efficiency, per cent 

Kva 

KwatO.Spf 

H load 

M load 

load 

125 

100 

225 

82.6 

85.2 

86.7 



240 

82.9 

85.5 

86.9 



257 

83.5 

85.9 

87.3 

• 


300 

84.3 

86.6 

87.9 



327 

84.8 

87.0 

88.3 



360 

85.3 

87.4 

88.6 



400 

85.9 

87.9 

89.1 

250 

200 

225 

86.4 

88.3 

89.5 



240 

86.6 

88.5 

89.6 



257 

86.9 

88.7 

89.9 



300 

87.6 

89.3 

90.5 



327 

88.0 

89,6 

90.7 



360 

88.3 

89.9 

90.9 



400 

88.9 

90.3 

91.3 

625 

500 

225 

89.9 

91.1 

92.0 



240 

90.0 

91.3 

92.1 



257 

90.2 

91.4 

92.3 



300 

90-8 

92.0 

92.7 



327 

91.0 

92.2 

92.9 



360 

91.2 

92,4 

93.0 



400 

91.5 

92.6 

93.2 

1,250 

1,000 

225 

91.7 

92.8 

93.4 



240 

91.9 

92.9 

93.5 



257 

92.0 

93.0 

93.6 



300 

92.5 

93.4 

94.0 



327 

92.6 

93.5 

94.1 



360 

92,7 

93.7 

94.2 



400 

92.9 

93.9 

94.4 

1,875 

1,500 

225 

92.6 

93.6 

94.2 • 



240 

92.8 

93.7 

94.3 



257 

92.9 

93.8 

94.4 



300 

93.1 

94.0 

94.6 



327 

93.3 

94.2 

94.7 



360 

93.3 

94.3 

94.8 



400 

93.6 

94.5 

95.0 
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rheostat losses is obtained and not the conventional A.I.E.E. 
efficiency. The difference between these two values at certain 
loads on the generator may exceed 2 per cent. 

For the purposes of comparison, the input-output efficiencies 
for several sizes of engine-type alternators at various speeds 
are contained in Table 58. It is readily apparent that the speed 
of the generator as weU as its size influences the efficiency. 
Alternators having higher efficiencies than those shown in Table 
58 may be purchased at a somewhat greater cost than the 
machines conforming to these efficiency figures. 

217. Capacity of Alternator Determined by Heating. — The 
capacity of an alternator is determined by heating of the stator 
and rotating field windings and is dependent upon the maximum 
temperature at which the insulation of the windings will continue 
to function satisfactorily. This maximum allowable or “hottest 
spot^' temperature is in turn determined by the type of insulating 
material employed. Standards of the A.I.E.E. set forth the type 
of insulating materials as well as their hottest spot temperatures. 

Class 0 insulating material consists of cotton, silk, paper, and 
similar organic materials when neither impregnated nor immersed 
in oil, and the maximum temperature at which they will fimction 
satisfactorily is 90 C. Class A insulating material consists of 
cotton, silk, paper, and similar organic materials impregnated 
or immersed in oil, and this class of insulating material will 
function satisfactorily with temperatures as high as 105 C. 
Class B insulating material consists of mica, asbestos, and similar 
inorganic materials in built-up form combined with a suitable 
binding cement and is satisfactory for hottest spot temperatures 
of 130 C. Only class A and class B materials are employed for 
the insulation of electric generators, although the class A material 
is generally employed for slow-speed machines driven by internal- 
combustion engines. 

In actual practice, it is somewhat difficult to determine 
precisely this hottest spot temperature, and consequently it is 
necessary to make allowances in those temperature measure- 
ments which can be made in order to arrive at this value. When 
testing an alternator under load, two methods for determining 
temperatures of the windings are available. One is by the use of 
thermometers attached to the outside of the windings, and the 
second is by means of temperature detectors embedded in the 
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windings of the generator at the time of its construction and wired 
to suitable terminal boards on the generator frame. For most 
slow-speed generators of less than 1,500 kva capacity, tempera- 
ture detectors are not used, and as a result thermometer readings 
only are available. Here again the A.I.E.E. has set up standard 
allowances for compensating thermometer readings in order to 



Fig. 158. — Engine-type alternator for operation with diesel or gas engine. 
(Courtesy of Allis-ChaZmers Manufacturing Company.) 


obtain a close approximation of the hottest spot temperature of 
the generator windings. For class O and class A materials, 
15 C is added to the thermometer readings to obtain the hottest 
spot temperature, while in the case of class B material, an 
allowance of 20 C is made. 

The standard rating for slow-speed engine-driven alternators 
is based upon a 50 C temperature rise at full load in the stator 
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windings when using class A insulation and operating at 0.8 
power factor. Any variation from these basic standards results 
in a special machine which usually carries an increase in the 
purchase price. This standard temperature rise of 50 C is 
based upon an ambient air temperature of 40 C (104 F) which 
was chosen after studying prevailing summer temperature 
conditions throughout the United States. Consider that the 
hottest spot temperature permissible for class A insulating 
material is 105 C. With an air temperature of 40 C, a correction 
of 15 C to be added to thermometer readings of winding tempera- 
tures, and a temperature rise of 50 C, we obtain a hottest spot 
temperature of 40 + 50 + 15 — 105 C which is the allowable 
hottest spot temperature for this class of insulating material. 
In some sections of the United States, summer temperatures in 
generating plants exceed 40 C (104 F) for considerable periods 
of time. Where such conditions occur, it is not possible to 
employ class A insulating material and still have a hottest 
spot temperature of 105 C when a 50 C rise is experienced. Since 
class A insulating materials are generally used for engine-driven 
slow-speed alternators, it becomes necessary to operate at full 
load with a temperature rise less than 50 C under these condi- 
tions. In suph an instance, a 40 C rise machine is used. With 
such a machine, it is possible to obtain full load from the generator 
with the ambient temperature in the engine room of 50 C (122 F). 

A 40 C rise machine is more expensive than a 50 C rise unit, 
but it has the advantage of being capable of delivering 125 per 
cent of rated capacity for 2 hr with a temperature rise of 55 C 
when the ambient air temperature is 40 C- 

218. Alternator Power Factor. — Occasionally the operator of an 
internal-combustion-engine power plant insists upon purchasing 
an alternator to operate at power factors of 0.6 to 0.7, hoping 
thereby to eliminate some of the operating difficulties experienced 
with derating alternators designed for 0.8 power factor in order 
to handle loads at the low power factors experienced. The only 
answer in most cases of this type is to improve the power factor 
of the load being supplied and not attempt to operate generators 
at power factors lower than 0.8. Methods for power-factor 
improvement are discussed elsewhere in this chapter. 

219. Effect of Altitude on Capacity. — Altitude above sea level 
influences the capacity of an alternator, Basic designs for 50 C 
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rise machines cover units satisfactory for operation at elevations 
up to 3,300 ft. Elevations above 3,300 ft require modifications 
in generator design at an increased cost for the unit. This 
increase in cost as given by one manufacturer is as follows, based 
upon 50 C rise machines. 


Elevation, Feet 
Up to 3 , 300 
3,301- 5,000 
5,001- 9,900 
9,901-15,000 


Price Addition, 
Per Cent 
0 
1 
5 
10 


Generators rated for 40 C rise are satisfactory for full-load 
operation up to and including 9,900 ft, although they carry no 
overload guarantees when operating at altitudes above 3,300 ft. 

220. Parallel Operation of Alternators.^ — When alternators 
driven by internal-combustion engines are to be operated in 
parallel, it is essential that the fluctuations in speed of the engine 
due to the combustion pressure in the cylinder be kept within 
very close limits in order that satisfactory parallel operation 
will result. This is accomplished by the use of a flywheel which 
is generally placed between the engine and the generator which 
it is di’iving. When an engine having six or more cylinders is 
used, and especially in the larger sizes of engines, it is found 
desirable in many instances to incorporate the necessary flywheel 
effect in the generator rotor. In effect, the flywheel becomes 
the rotating field of the generator, and the stator or armature 
of the generator is placed around the combined flywheel and field 
poles of the unit. Such an arrangement reduces the over-all 
length of the engine-generator combination somewhat. 

Where generators are designed to incorporate the necessary 
flywheel in the rotor, two types of rotor construction have been 
used with success. One type employs an all-welded rotor in 
which the rim, center disk, ribs, and shaft hub are welded into a 
homogeneous assembly. The other design employs a heavy rim 
into which a spider is press fitted and each spoke is keyed to the 
rim. In selecting the type of construction of the rotor for a 
particular installation, it is advisable to consult with the engine 
manufacturer since it may have some bearing upon the critical 

^ Warming, Troels, Power Pulsation between Synchronous Generators, 
Proc. 0,G.P. Div., A.S.M.E,, 1942. 
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speed calculations for the engine crankshaft to which it is 
attached. 

221. Excitation. — Excitation of the alternator field is generally 
supplied by a small d-c generator driven from the shaft of the 
alternator either directly or by means of V belts or a silent 
chain. When a direct-connected exciter is employed, it revolves 
at alternator shaft speed, while V-belt- or silent-chain-driven 
units revolve at speeds greater than the alternator. The higher 
speed exciter together with the necessary pulleys, belts, and belt 
guard is usually a less expensive installation than the direct- 
connected exciter. 

Some plant operators prefer the silent-chain drive, when 
an exciter is to be driven at a higher speed than the alternator. 
With either V-belt or silent-chain drive it is advisable that the 
drive have more capacity than theoretical calculations indicate is 
necessary to pull the exciter. These drives are subjected to 
shock loading, particularly during short circuits. In most 
instances this drive should be capable of handling two to three 
times the normal full-load torque requirements of the exciter. 

Where internal-combustion engine-driven alternators supply 
systems subjected to widely fluctuating loads, it is desirable to 
provide means for bringing voltage back to normal as rapidly as 
possible following a sudden increase of load on the system. Since 
the rotating speed of the generator is slow, ranging in most 
instances from 180 to 400 rpm, the rate of voltage recovery is 
slow unless means are provided for speeding it up. This can 
be done if the speed of the exciter is sufficiently great or if a 
pilot exciter is employed to increase the excitation rate. 

The high rotative speed of the exciter can be provided either 
by means of a belt- or silent-chain-driven unit or by the use of a 
separate motor-driven exciter operating at either 1,800 or 
3,600 rpm. The use of a pilot exciter with the main exciter is 
applicable to installations where the size of the generating unit 
is 2,000 kw or larger. The function of this pilot exciter is to 
energize the field of the main exciter and thus assist in building 
up the exciter voltage at a more rapid rate than normal which in 
turn helps reduce voltage fluctuations resulting from sudden 
load demands on the alternator. WTien motor-generator sets 
are used for providing excitation, care must be taken to see that 
at least one generating unit in the station is provided with an 
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exciter in order that service will not be completely stopped in 
the event of failure of the motor-generator set. 

The d-c excitation required by a generator at full load is 
dependent upon the capacity of the generator as well as the speed 
at which it operates. Thus, the slower the speed of a generator 
of a specific kilowatt capacity, the greater the excitation require- 
ments. This is shown by Table 59. 

Table 59. — ^Excitation Required by Alternators 

^ ^ Kilowatts excitation at full load 0*8 pf at the 

Generator output following alternator rpm 


Kva 

Kw at 
0.8 pf 

225 

240 

257 

300 

327 

360 

400 

125 

100 

6 

.2 

5 

.8 

5 

.5 

5 

.0 

4 

.4 

3 

.9 

3 

.6 

156 

125 

6 

.7 

6 

.4 

6 

.0 

5 

.5 

5 

.1 

4 

.4 

4 

.1 

187 

150 

7 

.4 

7 

.1 

6 

.8 

6 

.0 

5 

.5 

5 

.1 

4 

.5 

219 

175 

7 

.5 

7 

.5 

7 

.2 

6 

.4 

5 

.8 

5 

.3 

5 

.1 

250 

200 

8 

.3 

8 

.2 

7 

.8 

6 

.9 

6 

.3 

5 

.7 

5 

.4 

312 

250 

9 

.3 

9 

.0 

8. 

.6 

7 

.8 

7. 

.6 

6 

.4 

6 

.0 

375 

300 

10, 

.0 

9 

.9 

9. 

.5 

8 

.6 

7, 

.9 

7 

.2 

6 

.7 

438 

350 

10. 

.8 

10, 

.0 

10. 

,0 


.3 

8, 

.5 

7, 

.8 

7, 

.4 

500 

400 

1 11. 

,6 

11. 

.4 

10. 

,9 

9 

.9 

9. 

2 

8. 

.4 

8. 

0 

625 

500 

12. 

.8 

1 12. 

,7 

12. 

.2 

11 

.2 

10. 

,4 

10, 

.1 

9. 

1 

750 

600 

14. 

1 

13. 

8 

13. 

4 

12. 

,3 

11. 

6 

10. 

,7 

10. 

2 

875 

700 

15. 

2 

15. 

1 

14. 

6 

13. 

.4 

12. 

6 

11. 

8 

11. 

2 

1,000 

800 

16. 

3 

16. 

1 

15. 

,6 

14. 

4 

13. 

7 

12. 

9 

12. 

2 

1,125 

900 

17. 

4 

17. 

1 

16. 

6 

15. 

0 

14. 

7 

13. 

9 

13. 

2 

1,250 

1,000 

18. 

6 

18. 

2 

17. 

7 

16. 

4 

15. 

7 

14. 

8 

14. 

2 

1,563 

1,250 

20, 

0 

20. 

0 

20. 

0 

18. 

8 

18. 

1 

17. 

3 

15. 

0 


Note. — F or larger siize units, it is advisable to apply to the manufacturer for specific data 
as to excitation requirements. 

222. Individual Exciter vs. Exciter Bus. — There are two 
methods employed for furnishing excitation to a group of alter- 
nators. One method nses a separate exciter on each alternator 
with no electrical connection between the various exciters. The 
other method, while usually employing an exciter with each 
generator, also provides means for connecting all exciters to a 
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common bus with the generator fields receiving their excitation 
from this bus. 

Of the two methods, that in which no connection is made 
between the several exciters is favored by most operators and 
designers, because it eliminates the possibility of plant shutdown 
through an exciter-bus fault, eliminates difficulties encountered 
in parallel operation of exciters, aids materially in adjusting 
voltage of the alternator for synchronizing, improves the effi- 
ciency of alternators, and permits the use of an individual 
voltage regulator on each generator for better voltage and 
wattless power control. The use of the exciter bus permits the 
use of a single-voltage regulator for controlling the voltage of 
several generators. While the exciter bus has been used exten- 
sively, it is rapidly being eliminated in the newer installations. 

223. Voltage Regulators. — The voltage of a d-c generator 
or an alternator will vary with the load on the unit imless means 
are provided to maintain this voltage at a constant value. This 
regulation must be accomplished automatically, and several 
regulators have been developed to perform this function. All 
of them operate on the same basic principle, although each 
employs a different method for effecting voltage control. 

When the voltage of the generator varies, the voltage regulator 
changes the resistance in the field of the exciter, and consequently 
the excitation, by such an amount that the generator voltage is 
restored to its desired value. If the generator voltage drops 
as the result of a load suddenly applied, the regulator cuts out 
resistance in the exciter field, increases the generator excitation, 
and reestablishes the desired voltage. On the other hand, an 
increase in generator voltage causes the regulator to add resist- 
ance in the exciter field, thereby reducing the amount of excitation 
and again restoring the generator voltage to normal. 

Many different schemes are used to accomplish this regulation, 
and some of them will be discussed here. 

224. Rocking -contact Voltage Regulator. — The use of a rocking 
contact motivated by a sensitive torque motor is the means for 
varying the resistance in the field of an exciter employed in the 
regulator shown in Fig. 159. The split-phase winding of the 
torque motor in this unit as built by Allis Chalmers is coimected 
across one phase of the alternator through a potential trans- 
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former PT, The regulator resistor G is connected in series with 
the shunt field winding of the exciter. 

Assuming the generator to be partially loaded, the contact 
segments will take up a position in which a part of the resistance 
is short-circuited. This position does not change so long as the 
voltage remains constant, because the electrical torque produced 
in the drum C is counterbalanced by the torque of the spring F . 
An increase in load tends to lower the alternator voltage, but the 



Pig. 159. — Schematic diagram of rocking-contact-type generator-voltage regu- 
lator. iCourtesy of Allis-Chalmers Manufacturing Company.) 

smallest decrease in voltage is immediately followed by a decrease 
of the electrical torque, so that the system becomes unbalanced. 
As a result, the sectors are displaced to the right till the mechani- 
cal torque, now increased by the torque of the recall spring Q, 
again equals the electrical torque. The resistance cut out* of the 
field circuit by the displacement of the sectors is much in excess 
of what would be necessary to adjust the excitation to the new 
load condition. In this way the voltage of exciter and alternator 
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is forced to build up quickly, whereby the inherent inertia of the 
magnetic fields is partly overcome. In order to prevent over- 
shooting of alternator voltage, this condition must change during 
the time taken by the alternator to respond to the new excitation 
value. 

This is taken care of by the recall device and damping system 
in the following manner. The damping disk O is placed in the 
air gap of the two permanent magnets M mounted on a spindle, 
which is supported at both ends by jewel bearings. A pinion 
mounted on the damping disk spindle is geared to the rack of 
the damping sector P which is mounted so as to swing con- 
centrically on the drum spindle and is connected to the drum by 
means of a flexible coupling (recall spring Q). Owing to the 
damping effect of the permanent magnets upon the rotating 
damping disk, the damping sector, although coupled to the 
drum, cannot follow as quickly as the sectors, and therefore 
they are displaced from their balanced position. The tension 
of the recall spring, however, is opposed to any displacement 
and will not only cause the damping sector to follow the move- 
ment of the sectors, but will tend to pull back these contact 
sectors, which have moved to a point equivalent to over excitation 
of the alternator at the first instant of voltage drop. Thus 
pointer and damping sector will approach each other simul- 
taneously from opposite directions and will come to rest when 
they meet, if at the same time the contact sectors are in a position 
equivalent to the correct excitation value for the new alternator 
load condition, and if the alternator voltage has returned simul- 
taneously to normal. 

226. General Electric Type GDA Regulator. — This regulator, 
Fig. 160, operates on the principle that any change in the a-c 
voltage causes the armature (8) of the voltage-sensitive torque 
element, which is normally balanced, to act against the tension 
of the spring (9) and assume a new position. This armature 
operates the rheostatic element (13) through the lever (10), 
altering the resistance the proper amount to correct excitation 
and restore the original voltage. The rheostat consists of two 
groups of resistance elements in series. Each element is pro- 
vided with a silver contact button on the front end. As the 
lever (10) moves downward under the force of the spring (9), 
the front ends of these elements are successively brought into 
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contact, starting at the top, and the resistance of each element 
shorted out by the silver contact buttons. 

226. Westmghouse Silverstat Regulator, — third method 
for varying the resistance in the exciter field is employed in the 
Westinghouse Silverstat regulator, the operating element of 
which is shown in Fig. 161. The stationary coil is connected 
across one phase of the alternator through a potential trans- 
former and a rectifier. A drop in alternator voltage reduces the 
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Fig. 160 . — Perspective drawing and connection diagram, of a two -stack, 
type GDA diaotor generator-voltage regulator. {Courtesy of General Electric 
Company.) 


current flow in the stationary coil, which decreases the magnetic 
field in the stationary magnetic circuit. This in turn causes 
the spring to pull the upper end of the moving arm to the right. 
As this occurs, the driving member at the top of .the moving arm 
forces some of the individual leaf springs to make contact, 
shorting out a portion of the exciter field resistance. This 
causes an increase in the alternator field excitation, restoring 
the alternator voltage to the desired value. A rise in alternator 
voltage causes the top end of the moving arm to be displaced to 
the left, thereby introducing more resistance in the exciter field. 
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227. Telephone Interference.^* — If a-c generators were to 
produce electrical energy having a pure sine current wave, 
any noise that might be created by induction in telephone 
circuits would not be objectionable. Unfortunately, currents 
in commercial generators do not follow pure sine waves. The 
actual current wave is that resulting from a combination of the 
fundamental frequency together with various harmonic fre- 
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Fig. 161. — Diagram of construction of main control element of Silverstat 
generator-voltage regulator. (jCourtesy of Westinghouse Electric & Manufacturing 
Company.) 


quencies which are odd multiples of the fundamental. Those 
harmonic frequencies which occur within the range of voice 
and audible frequencies are the ones which cause objectionable 
noises in telephone circuits. 

Engineers who have studied this problem have developed a 
term known as telephone influence factor (T.I.F.) which is a 
measure of the effect of either voltage or current in power 

^ Corbett, Lawrence Jay, ‘‘^Inductive Coordination,^' J. H. Neblett 
Pressroom, Ltd., San Francisco, Calif., 1936. 
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equipment and circuits on ordinary telephone equipment and 
telephone circuits due to wave shape only. 

It has been recognized for many years that the design of 
generators had a great influence upon the harmonic frequencies 
that would be produced when the generator was in operation. 
In recent years the various manufacturers of electrical generating 

equipment have standardized upon 

maximum values of T.I.F. for 

various sizes of generating units, 
forth in Table 60. 

The present values are set 

Table 60. — Maximum Values of T.I.F. 

FOR Engine-driven Alternators 


N.E.M.A. 

Generator Capacity, 

Standard 

Kva 

Max T.I.F. 

62.5- 299 

300 

300 - 699 

200 

700 - 999 

150 

1,000 -2,499 

125 

2,500 -9,999 

60 


Generally speaking, it is desirable to secure as low a T.I.F. 
value as possible, particularly when a generator is supplying 
distribution and transmission facilities paralleling single- wire 
rural telephone or toll telephone lines. For that reason, tele- 
phone engineers in working with power-plant designers on 
interference problems have requested that generators be secured 
which have as low a T.I.F. value as is possible to obtain. In 
many instances systems have been provided with generating 
units having T.I.F. values below 75 for sizes smaller than 1,000 
kva. While this is sometimes difficult to accomplish, and 
increases the cost of the generator, it has been found that the 
additional expenditure for generating equipment is warranted in 
many instances. 

Each problem involving possible telephone interference. must 
be considered in light of the particular conditions to be encoun- 
tered and the difficulties to be eliminated. It is beyond the 
scope of this volume to go into detail regarding the many condi- 
tions that can cause telephone interference or the manner in 
which these interferences can be eliminated or reduced. 

228. Circuit Breakers. — Circuit breakers of either the oil or 
oilless type are employed for the control of all circuits having 
a potential exceeding 600 volts. Generators operating at 2,400, 
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4,160, or higlier voltages are connected to and disconnected from 
the system by means of breakers designed for the high-voltage 
high-capacity service to which they are subjected. All high- 
voltage circuits served from the system are likewise controlled 
by means of circuit breakers. 

In the internal-combustion-engine power plant the breakers 
for connecting the generators to the bus act merely as a suitable 
means for connecting and disconnecting. Breakers for con- 
trolling feeder and station power circuits at the bus are equipped 
with automatic means for opening the breaker when a fault 
occurs on the circuit beyond the breaker. This breaker opening 
or ''tripping^' may be effected in several ways, although the 
most common method is to have the breaker open when an 
excessive flow of current occurs. Through the use of suitable 
control relays, breakers may be made to open through excessive 
current flow, a reduction in voltage, a reversal of current flow 
through the breaker, or by means of a variation in the current 
flow at two points in the circuit being controlled. 

Until recently, practically all circuit breakers for a-c circuits 
in excess of 600 volts have been operated in an oil bath, the oil 
assisting in extinguishing the arc formed when the breaker 
contacts parted. In addition to oil circuit breakers, air circuit 
breakers have been developed for the higher a-c voltages and 
capacities. 

For oilless circuit breakers having interrupting capacities 
from 50,000 to 150,000 kva, the arc extinction is effected by the 
use of magnetic or deion arc-quenching devices. For breakers 
having interrupting capacities exceeding 150,000 kva, compressed 
air is also used in some cases to assist in the arc-quenching 
operation. 

In most internal-combustion-engine installations, breakers 
will seldom be needed for interrupting capacities exceeding 
150,000 kva; therefore units of the oil or oilless type without 
the use of compressed air can be utilized successfully. There 
has been a desire on the part of some plant operators to get away 
from circuit breakers containing oil since there is a constant 
problem of maintaining sufficient oil in the breaker tanks, 
eliminating possible water contamination in the oil, danger from 
fire started in the breaker oil tanks, and excessive oil sludging 
and carbonization of the oil . resulting from frequent operation. 
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Since both oil and oilless circuit breakers are available today 
for use in the power plant, and since both have proved themselves 
in actual field operation, the type of breaker selected will depend 
upon the preference of the man who must operate the equipment 
after it is installed. 

229. Selection of Breaker Size. — Circuit breakers of either the 
oil or oilless type are used to protect electrical generating and 
other equipment from the serious effects of sustained short 
circuits. In order that the breaker perform its functions 



10 20 30 40 50 60 70 80 90 100 

Three-phc!se system reactance, per cent 

Fig. 162. — System short-circuit current (or kva) factors for three-phase short 
circuit on three-phase system. 

satisfactorily, it is necessary that it possess suitable electrical 
and mechanical characteristics. The breaker must successfully 
interrupt the maximum kilovolt-amperes that it will be required 
to handle, and, in addition, it must possess sufficient mechanical 
strength to withstand the forces created by the initial current 
inrush during a short circuit. 

At the present time, circuit breakers for 2,400- and higher 
voltage service are rated for kilovolt-ampere interrupting 
capacity and for 1- and 5-sec current-carrying capacities. These 
data can readily be obtained from any switchgear manufacturer. 
The standard ratings of ofi circuit breakers for the ranges of 
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sizes usually employed in internal-combustion-engine power 
plants are given in Table 61. 


Table 61. — Inboor Oil-circtjit-breaker Characteristics 


Volts 

Rated 

Amp at 

1 Short-time current 
rating rms total amp 

Interrupting rating 
in 3-phase kva at 
rated voltage 

60 cycles 

25 cycles 

Momen- 

tary 

5-sec 

2,500 

60 

60 

3,000 

3,000 

10,000 


200 

200 

10,000 

10,000 

10,000 


300 

300 

15,000 

15,000 

10,000 


3,000 

4,000 

60,000 

60,000 

50 , 000 

5,000 

200 

200 

15,000 

10,000 

15,000 


400 

400 

15,000 

10,000 

15,000 


800 

950 

20,000 

20,000 

25,000 


2,000 

2,250 

40,000 

40,000 

50,000 

7,500 

400 

400 

20,000 

20,000 

25,000 


600 

700 

20,000 

20,000 

25,000 


1,200 

1,400 

35,000 

35,000 

1 

50,000 

15,000 

600 

700 

25,000 

25 , 000 

50,000 


To facilitate the determination of the proper breaker size, 
Tig. 162 has been developed by the manufacturers of circuit 
breakers. This is a series of decrement curves^ which show 
the decay of the fault current produced by the alternator from 
the instant of application of the fault to the time the fault current 
reaches a sustained value. The application of these curves to 
actual cases follows. 

Consider a three-phase 2,400-volt alternator of 500-kw capacity connected 
to a bus supplying two circuits, Fig. 163. Let us assume a short circuit 
adjacent to the terminals of one of the feeder breakers. 

Known conditions: 

Generator capacity 500 kw at 0.8 pf, or 625 kva. 

Generator voltage — 2,400. 

Heactance of generator = 22 per cent subtransient. 

^ Hahn, W. C,, and C. F. Wagner, Standard Decrement Curves, Elec, 
Eng,, voL 51, No. 5, p. 324, May, 1932. 
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From Fig. 162, the initial inrush of current at 0.008 sec or the first one-half 
cycle for 22 per cent reactance is 8.0 times the full-load current. The initial 
current inrush can be calculated as follows: 


Current inrush 


625 X 8.0 X 1,000 
(2,400) V3 


1,200 amp 


If we consider the breaker set to open in 15 cycles or 0.25 sec, and again 
referring to Fig. 162, it is seen that with 22 per 
626 cent reactance the current is now 3.55 times the 
full-load current. Therefore, the load that the 
breaker must interrupt is 

625 X 3.55 - 2,220 kva 

Referring to Table 61, it is seen that a 2,500-volt 
breaker having a 1-sec current-carrying capacity of 
10,000 amp and an interrupting rating of 10,000 
kva will be satisfactory under the conditions 
assumed. The smaller 2,500-volt breaker could not 
be used since its normal current-carrying capacity 
is only 60 amp., and the generator can deliver 
a total of 625 X 1,000/2,400 -y/s or 150 amp to 
either circuit. 


Short 



_ Fig. 163. — Short 
circuit on electric sys- 
tem with only one 
generator operating. 


/dVSh/ct 


I250kva 


In the foregoing example, reactance of all 
wiring from the generator to the fault has 
been neglected. This may be done unless it is desired to secure 
additional refinement of calculations. Usually such refinement 
is warranted only when large generating units are being con- 
sidered and where the lengths of 
cable involved will affect the result 
appreciably. In general, circuit- 
breaker calculations for internal- 
combustion-engine power plants do 
not warrant such calculation 
refinements. 

The previous example involved only 
a single generator- Consider a station 
having three generating units of different 
sizes and sub transient reactances as 
shown in Fig. 164 operating at 2,400 
volts, three phase with a short occurring 
at the terminals of a feeder breaker. We 
wish to know the size of the feeder breaker which will interrupt the power 
flow resulting from a short when all three generators are operating. 



Fig. 164. — Short circuit on elec- 
tric system with three generators 
operating. 
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The reactance of each machine is given in per cent, and since the per 
cent reactance of each machine is different, it becomes necessary to deter- 
mine an equivalent percentage value for the three machines operating in 
parallel. In making this conversion, the first step is to determine new 
values of per cent reactance for each machine on the basis of the total 
kilovolt-ampere capacity operating, and the second step is to calculate the 
per cent reactance for the units operating in parallel. 

The new per cent reactance for each machine is determined by means of 
the equation 




( kvad(X„,) 

kva,ft 


(40) 


where Xn = new per cent reactance of machine. 

kvat — total capacity of machine supplying the bus, kilovolt-amperes. 

Xm — per cent reactance of machine, 
kvaw = capacity of machine, kilovolt-amperes. 

Returning to the example, Fig. 164, with a total of 6,260 kva connected 
to the bus, the new per cent reactance of each alternator is calculated as 
follows 

Per cent reactance No. 1 = = 39.1 

o,12o 

Per cent reactance No. 2 = f = 73.4 

l,o7o 

X X -NT 6,250 X 24 _ 

Per cent reactance No. 3 = — ^ — == 150 

Since the per cent reactance at the bus for the three units in parallel is 
the reciprocal of the sum of the reciprocals of the individual values calculated 

Per cent reactance = = 21.8 

3^ 7O T50 


Again referring to Fig. 162 we find the inrush current for 21.8 per cent 
reactance to be 8.3 times full-load current, or 


Current inrush = 


6,000 X 8.1 X 1,000 
2,400 X 1.732 


11,700 amp 


Likewise, the capacity that must be interrupted is 
6,000 X 3.6 = 21,600 kva 

when considering that the breaker will open in 0.25 sec (15 cycles). 

Again referring to Table 61, it is seen that a 5,000-volt breaker having a 
1-sec rating of 20,000 amp and an interrupting rating of 25,000 kva will be 
satisfactory. This breaker has a continuous current-carrying capacity of 
800 amp, sufficient for the largest generating unit, which has full-load (full 
kilovolt-ampere) current rating of 750 amp. It is assumed that the current 
demands on any one circuit will not exceed the capacity of the lafgest 
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generating unit. If this is not the case, a breaker must be selected which 
will carry the current normally flowing through the circuit in addition to 
being able to handle inrush currents and interrupt the maximum short 
circuit possible. 

In both examples given, the size of breaker required was 
determined for a particular condition. If the generating 
capacity in either case were to be increased materially, the breaker 
sizes selected would not be sufficient under the new conditions. 
It becomes necessary, therefore, in selecting breaker sizes to 
consider not only the immediate requirements for breaker 
capacity, but also the requirements for a sufficient period in the 
future to ensure that the breakers selected now will not have to 
be replaced prematurely. Additional interrupting capacity 
can be obtained very cheaply at the time the breaker is purchased, 
while the cost of substituting breakers possessing greater inter- 
rupting capacity within a period of 4 or 5 years may be excessive. 

Where the capacity of- existing breakers is being checked to 
determine whether or not they are adequate for additional 
generating capacity being installed, it is often advisable to 
employ more refined methods of breaker calculations than those 
set forth here- In such instances it is advisable to consult the 
manufacturer of the breaker. 

. 230. Switchboards. — Switchboards for controlling the energy 
produced by electric generating plants are of two types, both 
being used extensively in internal-combustion-engine power 
plants. The conventional open switchboard employing panels 
of composition material or stretcher-leveled steel is still exten- 
sively used. In this type of construction, the panels are sup- 
ported either by a pipe or welded angle-iron framework. Meters, 
instruments, and circuit-breaker control mechanism are located 
on the panel with the circuit breaker supported either on the 
back of the switchboard or on a separate framework apart from 
the board. In this latter arrangement, the breakers may be 
located at the rear of the switchboard or above or below the 
switchboard in a separate room or enclosure. A board of this 
type is shown in Fig. 165. 

In order to increase the safety of high-voltage switching 
equipment as well as provide more compact and economical 
switchgear, the metal-clad type of construction has come into 
extensive use in recent years. The gear is essentially a series 
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of sheet-metal compartments for isolating items of operating 
equipment with the entire assembly forming one continuous 
housing when erected. Each generator is provided with a 
separate metal compartment comprising the panel on which are 
mounted the meters and instruments, a separate section for the 
high-voltage circuit breaker, another for current transformers, 
and still another in which the main bus is located. A similar 
arrangement is provided for each feeder circuit. Figure 166 



Fig. 165. — Conventional open-type switchboard. {Courtesy of Bums <& Mc- 
Donnell Engineering Company.) 


is a photograph of an assembled metal-clad gear of this type, 
while Fig. 167 shows the method of installing or removing a 
breaker from a metal-clad switchgear section. 

The use of metal-clad gear permits changes in and repairs 
to the various items of equipment without the attendant danger 
of contact with other high-voltage parts. Such repairs in the 
conventional switchboard construction, Fig. 165, cannot be 
made with such safety, since this barrier protection is entirely 
lacking. 


380 DIBSELn AND GAS-ENGINE POWER PLANTS [Chap. XVIII 




Fig. 166. — Metal-clad switchgear installation for four generating units and seven 
feeder circuits. {Courtesy of Burns & McDonnell Engineering Company.) 


Fig. 167. — Placing breaker in metal-clad switchgear. {Courtesy of Allis-Chalmers 
Manufacturing Company.) 
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The use of metal-clad gear facilitates the removal of a breaker 
for inspection and repair and the substitution of a stand-by 
breaker in a matter of minutes. This eliminates the hazards 
common to so many conventional boards when the operator 
makes an inspection of the condition of the contacts and oil 
level in the circuit-breaker tanks. While this type of gear 
is more * expensive than the conventional switchboard wdth 
separately mounted breakers, the installed cost of the two types 
is practically equal. This is due to the fact that the cost of the 
conventional type of gear does not include cost of installation, 
which is considerable since the board in many instances must be 
practically built in the field. On the other hand, the metal-clad 
gear need only be set in place on suitable supporting members 
and the wiring connections made to the gear, thus materially 
reducing the cost of field labor. 

231. Switchboard Instruments. — In order to operate an electric 
generating station intelhgently, it is necessary to know the condi- 
tions existing in the various electrical circuits. It is also neces- 
sary to operate a-c generating units in parallel. The procedure 
necessary for making these parallel connections requires the use 
of electrical metering equipment. 

There are many combinations of electrical meters and instru- 
ments which can be utilized in the generating plant for checking 
the performance of equipment and electrical circuits. Each 
individual case may require different combinations of meters and 
instruments. It is possible, however, to enumerate those 
electrical control instruments normally used in an internal- 
combustion-engine power plant supplying ^a small community 
as a guide for those who are planning a new installation and for 
the operating man who wants to know the function of each 
instrument in the operating scheme. The following instrument 
and meter list is taken from an installation provided with a 
separate voltage regulator for each generator. If a single 
voltage regulator is used for the control of several generators it 
will be necessary to make some changes in the assembly of meters 
set forth in Table 62. 

In the discussion of instruments just presented, it will be 
noted that polyphase watthour meters were provided only on the 
generator panels. The use of polyphase watthour meters on all 
the feeder circuits is a matter that must be decided for each 



382 DIESEL- AND GAS-ENGINE POWER PLANTS [Chap. XVIII 


Table 62. — Plant 
Item 

1 Synchroscope 


2 A-c voltmeters 


2 Synchronizing lights 


1 Single-phase a-c 
ammeter and switch 


1 Field ammeter and 
shunt 


1 Polyphase indicating 
wattmeter 

1 Polyphase watthour 
meter 

1 Total hour meter 


1 Governor motor con- 
trol switch 

1 Power factor meter- 
transfer switch 

1 A-c voltmeter switch 


Switchboard Instruments with Individually 
Regulated Generators 
Use 

Synchronizing panel 

This instrument indicates whether the generator to 
be connected to the bus is slow or fast in relation 
to the machines supplying the bus and also the 
point at which the breaker of the incoming 
machine is to be closed. When a machine is 
connected to the bus it should be at the same 
frequency as the bus 

One voltmeter gives bus potential. The other 
gives the potential of the incoming generator. 
They must be equal 

These lights should be provided as a means of 
checking the synchroscope. The speed with 
which the lights become dim and bright indicates 
the difference in speed between the incoming 
machine and the bus 

Generator panel 

This instrument together with a three-position 
switch permits reading the current in each phase 
of the generator. From these three readings the 
relative unbalance between the loads on each 
phase can be obtained 

This instrument shows the amount of current 
required for magnetizing the alternator field and 
indicates when an excessive magnetizing current 
and possible damage from coil heating may result 
This instrument shows the instantaneous load on 
the generator in kilowatts 
This is an integrating-type meter and shows the 
total power generated by the unit in kilowatt- 
hours 

This instrument shows the total hours the unit has 
operated and is of value in assisting the operator 
in planning his engine-maintenance schedule 
A switch for varying the speed of the engine by 
regulating the engine governor necessary when 
synchronizing the unit with the bus 
If a power-factor meter is provided, this switch 
perrnits making a rapid check of power factor of 
eacii machine 

This switch is used in conjunction with one of the 
a-c voltmeters on the synchronizing panel to give 
the voltage of the generator for comparing with 
the bus voltage 
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Item 

1 Synchronizing switch 


1 Circuit-breaker con- 
trol switch 


1 Recording wattmeter 
1 Recording voltmeter 


1 Indicating frequency 
meter 

1 Indicating power-fac- 
tor meter 


1 Single-phase a-c 
ammeter and switch 

1 Power factor meter- 
transfer switch 

1 Circuit-breaker con- 
trol 

2 Control relays 


Use 

This switch is used for connecting the synchroscope 
to the machine while being brought into synchron- 
ism with the bus 

This is either a manual breaker-closing mechanism 
or an - electrical control switch depending upon 
whether the breaker is to be operated manually 
or electrically 

Totahzing section 

This instrument provides a graphic record of the 
instantaneous kilowatt loads on the station 

This instrument gives a continuous record of the 
bus potential and is a valuable aid in checking 
the efhciency of voltage regulators as well as the 
alertijess of operators 

This instrument gives a continuous visual indica- 
tion of the frequency of the power being produced. 

This instrument is used in conjunction with 
generators for showing power factor and assisting 
in balancing circulating current. May also be 
wired to feeder circuits if desired 

Feeder section 

This instrument is used to check current on each 
phase of feeder both for feeder load and unbalance 
between phases 

This is desirable where the plant serves a com- 
munity, in order to determine those circuits 
needing power factor correction 

This is either a manual or electric breaker-operating 
mechanism the same as for generator breakers 

Generally induction overcurrent relays are used to 
open the breaker in case of fault on the circuit. 
The type of relay used will usually be determined 
by the operating conditions involved 


individual case, although it is highly desirable to have a polyphase 
watthour meter on the station power circuit. It is sometimes 
questionable whether a plant supplying a community should 
have a polyphase watthour meter installed on each outgoing 
feeder, although in an industrial installation, the metering 
of each circuit fed from the main switchboard might be of 
advantage. 

Whenever an engine is equipped with shutdown devices that 
automatically stop the engine through any of the causes listed in 
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Art. 199, it is necessary to equip the generator driven by the 
engine with reverse power relays to open the generator breaker 
when the unit stops. 

232. Station Bus Arrangements. — Many plans for power busses 
to facilitate the delivery of electrical energy have been employed. 
These schemes vary from the simple single-bus single-breaker 
arrangement, as shown in Fig. 168, to the most elaborate arrange- 
ment in the large power stations where all known methods of 
protection, control, and arrangement have been utilized to ensure 
continuity of power supply. 

Because of its, simplicity and low cost, the single-bus single- 
breaker arrangement utilizing only one breaker^ per circuit 

6t/s 

D/sconnecf ^mfch 
C/rca/I breaker 


Generators Fe e ders 

Fig. 168. — Single-bus, single-bi-eaker layout. 

and only a single bus is in common use in small power plants 
employing the conventional open-type switchboard and breaker 
arrangement. For the open type of switchboard construction, 
its main objection lies in the fact that no ready means is available 
for inspecting feeder breakers while deenergized, if the feeder is 
to be kept in service. Furthermore, the failure of one or more 
bus insulators would shut down the entire plant. This single-bus 
arrangement is not objectionable when metal-clad switchgear 
is used since special insulation is provided around the bus 
while any breaker can be removed and a substitute breaker 
installed in a matter of minutes. 

In order to overcome some of the objections of this arrange- 
ment when employing the conventional open-type switchboard, 
the single-breaker double-bus arrangement shown in Fig. 169 
has been developed. This scheme has the advantage over the 
single-bus arrangement in that a failure on one bus will not 
result in the station being shut down for the entire time necessary 
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to make repairs to the damaged bus. This system is more 
expensive than the single-bus arrangement and is open to the 
objection that feeder breakers cannot be taken out of service 
for maintenance in a deenergized condition. By the use of a 
transfer breaker in connection with the double-bus arrangement 


UwJ tw Jt \/ rt \ /<J 


S 7 




Auxiliary bu^ 

Mum bus 
Se/ecfor svr/fch 

Circu/'i breaker 


G e nerafors Fe e de rs 

Fig. 169. — Double-bus, single-breaker layout. 


in conventional open-type switchboards, as shown in Fig. 170, 
it is possible to overcome the undesirable maintenance features 
of the two previous arrangements. 

When metal-clad gear is employed, the use of an auxiliary bus, 
as shown in Fig. 169, permits the repair of either bus in the event 



Fig. 170. — Double-bus, transfer-breaker layout. 

that it should become damaged through electrical or mechanical 
failure. Maintenance can be accomplished on any breaker in the 
metal-clad gear while out of service, and any feeder breaker can 
be removed with only a very short interruption to service. Any 
generator breaker can be removed during such time as the 
generator is not in service. 
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A fourth and more elaborate scheme, which can be used either 
with the conventional open type of switchboard or with metal- 
clad gear, requires two circuit breakers for each generator and 
each feeder circuit connected to separate busses as shown in Fig. 
171. This scheme is seldom used for internal-combustion-engine 
power plants since its high cost is generally not warranted. 

233. Power -factor Correction. — In any a-c circuit the voltage 
and current are constantly var 3 dng in magnitude. In a 60-cycle 
system they are reversing their direction 120 times a second. 
The current and voltage may reach their maximum value in a 
given direction at the same instant, or they may reach their 

Aux/7/bfry bus 
Math bus 

D/sconnecf smYches 
C/rcuff bresfhers 
Disconnect smiches 


Generatfors PeecYers 

Fig. 171. — Double-bus, double-breaker layout. 

respective maximum values in a given direction at different 
times. Whether the current and voltage reach their maximum 
value at the same instant or at different instants depends entirely 
upon the character of the circuit through which the electric 
current is flowing. When only resistance such as an incandescent 
light is present in the circuit, the voltage and current will reach 
their respective maximum values simultaneously. If the circuit 
consists of inductance and some resistance such as the iron core 
and coils of a transformer, the current lags behind the voltage 
and the amount of lag is dependent upon the relationship between 
the inductance and resistance present in the circuit. On the 
other hand, if only a condenser is present in the circuit, the 
current will lead the voltage. 
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In circuits where only a resistance, an inductance, or a con- 
denser is present, the effect of the relationship between the 
current and voltage is as follows: 

Resistance only Current and voltage in phase 

Inductance only Current lags voltage 90 deg 

Condenser only Current leads voltage 90 deg 

From the foregoing, it is seen that the effect of a condenser is 
just the opposite of an inductance and they tend to neutralize 
each other. Unfortunately, in actual practice, all the parts of an 
electric system tend either to possess resistance or inductive 
reactance. Induction motors, transformers, and even the spacing 
of the wires in an overhead distribution system contribute 
inductive reactance to the system. The neutralizing effect of a 
condenser can be secured only through the use of synchronous 
motors or condensers, called capacitors. In most small systems 
there are few synchronous motors used, and as a result it is 
necessary to provide the counteracting effect to inductive 
reactance through the installation of condensers where conditions 
require. 

Induction motors operating at a fraction of their full horse- 
power rating contribute greatly to the inductive reactance of the 
system supplied. It is a common failing, too, in installing motors 
to pick them oversize in order to ensure that sufficient power 
will be available. By the proper selecting of motor sizes, power 
factor can be improved substantially in many instances. 

When an internal-combustion-engine power plant is serving 
an electric distribution system, however, it is not possible to 
have complete control over motors installed on the system. The 
effect of badly lagging power factor due to inductive reactance 
loads of motors is very noticeable throughout the southwestern 
part of the United States where a large fan load for residence air 
conditioning is supplied during the night hours in summer. 
Since there is little or no load of other types to offset this inductive 
motor load in many commimities, the power factor at the plant 
during these summer nights may be as low as 0.6 to 0.7. When 
such conditions occur, it is necessary that some remedial measures 
be employed to improve this power factor. 

An illustration of what happens in the relationship between 
the voltage and current in a circuit due to the change in angularity 
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between the current and voltage is shown in Fig. 172. When the 
voltage and current are in phase, the power produced is a maxi- 
mum. When the current lags behind the voltage, the power 






Single* phase circuit at 0.0 power factor 


Fia. 172. — Effect of power factor on. power delivered. 


produced is less owing to the fact that the current and voltage 
do not reach their maximum values at the same instant. This 
variation is directly proportional to the cosine of the angle 
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between the voltage and current vectors. The power of a single- 
phase circuit, used for purposes of illustration, is given by the 
equation 

P = El cos d (41) 


where P = power, watts. 

E — voltage of circuit. 

I — amperes flowing in circuit, 
cos 6 — power factor of circuit. 

6 — angular displacement between current and voltage. 
For the three illustrations given in Fig. 172., the power delivered 
under each condition can be summarized as follows: 


Condition 

0, deg 

cos 6 

El cos 6 

1 i 

0 

1.000 

El 

2 j 

36-9 

0.800 

0.8^1 

3 

90 

0.000 

0 


In practice the power factor, or cos 6, is determined from 
readings of wattmeter, voltmeter, and ammeter. Since 

P = El cos 6 

then 

cos ^ (42) 


For example, if a wattmeter indicates that a total power of 
800 watts is passing through a circuit with a voltage of 100 and 
10 amp flowing, the power factor is 


cos 6 == 


800 

100 X 10 


0.8 


In practical calculations for power-factor improvements, it 
is necessary to determine the condenser capacity that must be 
added to the system in order to decrease the angularity between 
the voltage and current and increase the power factor of the load. 
For example, the load on a plant is 500 kw with a power factor 
of 0.71. It is desired to add sufficient condenser capacity to 
raise the power factor to 0.85. A graphical solution is shown in 
iFig. 173. Along the horizontal axis the load of 500 kw is drawn 
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to scale (AJ5). At the right end of the line AB ^ perpendicular is 
erected. By means of a protractor the angle of 44.8 deg cor- 


C 



Fig. 173. — Graphical determination of size of capacitor required for power-factor 

correction. 



0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 

Corrective reactive kva in percent of kw load 

Fig. 174. — Chart for determining power-factor correction. 


responding to cos 6 == 0.71 is laid off with A as the center and 
AjB as one side. The other side of the angle is projected until 
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it intersects the perpendicular at C. Likewise an angle of 31.8 
deg corresponding to cos d = 0.85 is plotted \\dth A as a center 
and the line AD drawn. The distance DCj which is to the same 
scale as AB, represents the size of the capacitor needed, or 
185 kva. 

A shorter method for determining the size of a capacitor for 
any condition and for any desired power-factor improvement 
involves the use of Fig. 174 and a simple calculation. As in 
the example just given, for a power factor of 0.71 which it is 
desired to improve to 0.85, begin with a value on the left-hand 
vertical scale equal to the existing power factor and proceed 
horizontally to the right until the scale for the desired power 
factor is reached. From this point, proceed downward to the 
horizontal axis where a value of 37 per cent is read. This is the 
condenser capacity in kilovolt-amperes expressed as a percentage 
of the load in kilowatts. Thus, for a 500-kw load at 0.71 power 
factor the capacitor size necessary to improve the power factor 
to 0.85 would be 500 X 0.37 = 185 kva which is the same 
value as was determined graphically. 

This series of curves can also be used to determine the power- 
factor correction that will be effected by a change in load and 
power factor on the system. For example, with a capacitor 
of 185 kva installed, consider that the load increases to 1,000 
kw and that the power factor without the capacitor is 0.90. It 
is desired to find what improvement 185 kva of capacitor will 
make under these conditions. Since 185 is 18.5 per cent of 1,000, 
start on the horizontal axis at 18.5 per cent and proceed upward 
until the horizontal line for 0.90 power factor is reached. This 
indicates that the power factor will be raised to slightly over 0.95. 

It is usual to locate condensers on the primary distribution 
feeders in order to improve the power factor of the alternating 
current flowing through the circuit. This has further beneficial 
effects insofar as the feeder circuit is concerned over and above 
the improvement of generator performance in the power plant. 
Where the generating plant is supplying an industrial estabhsh- 
ment, the ideal arrangement is to provide capacitors at the power 
terminals of each motor. This cannot always be done eco- 
nomically, and it then becomes necessary to install the capacitors 
in locations on plant feeder circuits where the greatest benefit 
from the power-factor correction can be secured. 
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CHAPTER XIX 

ELECTRICAL SYSTEM LAYOUT 

This chapter deals with electrical control and wiring essential 
in any electric generation station including layout of the station 
power bus, motors for driving plant accessories, auxiliary power 
supply, and wire and wiring accessories. Each item is considered 
from the standpoint of both suitability and reliability. Capacity 
limitations of the various items are discussed in detail where 
necessary to convey a thorough understanding of the workings 
of any particular item of equipment. 

234. Station Power. — The electrical supply for operating 
cooling-water pumps, lubricating- and fuel-oil pumps, crane, 
centrifuges, electric heaters, and other motor-operated devices 
is usually 240 volts, three phase. With motors of sizes above 
25 hp, it is usual to employ 480 volts, although under some 
conditions it may be economical to operate motors at 2,400 volts. 

Station power is supplied through transformers fed from the 
main station power bus. It is advisable to install two station 
power banks, each being supplied by means of an independent 
circuit from the main power source. In such an arrangement, 
shown in Fig. 175, the normal power supply is provided by a 
transformer bank fed from a direct circuit on the 2,400-volt 
main power bus. The second, or emergency transformer bank, 
is fed through an auxiliary connection to one of the feeder cir- 
cuits leaving the station. This arrangement is the least expen- 
sive that can be utilized since it eliminates the cost of a second 
2,400-volt breaker and its necessary gwitchgear section for the 
emergency bank, while still providing a reasonably (dependable 
auxiliary power supply in the event of failure of the main power 
bank or its supply. 

On the low-voltage side of the two power banks, wiring con- 
nections are arranged in a manner to permit either or both to 
supply the station power system. In this instance the auxiliaries 
are fed from two panel boards and so divided between them that a 

393 
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faUure on any part of the 240-volt supply would affect only one- 
half of the plant auxiliaries. With this arrangement, power for 
essential circulating-water and lubricating-oil pumps is always 
available. 

In laying out the station power supply it is first necessary 
to make up a list of all motor and other electrical loads which are 
to be supplied. This list is then divided into those items which 



3- Phase aux. bank 
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• Raw- wa Mr pump - 
Raw-wafer pump @- 
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Fig. 175. — Station auxiliary power supply including main and emergenciy power 
banks- (^Courtesy of Power.) 


must Operate at all times, such as circulating-water and lubricat- 
ing-oil pump motors, and those items of equipment which 
operate intermittently or which can be out of commission 
for some time without affecting the operation of the plant. 
The items in continuous operating or preferred operating service 
should then be divided between the two - panel boards in such a 
manner that the failure of one panel board or its power-supply 
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circuit will not interrupt plant service. Those items of equip- 
ment which operate intermittently can be divided between the 
two panel boards in any manner to balance the connected load 
between the two boards. 



236. Transformers. — Transformers supplying station power 
are generally single-phase units, since the failure of the windings 
in any one transformer will not necessarily put the entire bank out 
of commission. If three-phase transformers are used, the failure 



396 DIESEL- AND GAS-ENGINE POWER PLANTS [Chap. XIX 

of any part of the transformer windings would put either the 
main or emergency supply out of service until another transformer 
could be secured. If both the main and emergency power supply 
banks utilize single-phase transformers of the same capacity, 
one spare transformer will suffice as a replacement unit for either 
bank. Furthermore, by the use of single-phase units, it is 
possible to remove one of the three from service and still provide 
approximately 58 per cent of the capacity of the bank with the 
two remaining transformers. Wiring connections for station 
power banks served from 2,400- and 4,160-volt circuits supplying 
three-phase power under both normal and emergency conditions 
are shown in Fig. 176. 

The size of the transformer bank for main and emergency 
supply must be determined from a study of the auxiliaries 
installed in the station, the capacity of motors and other equip- 
ment normally operating, and the probable maximum horsepower 
in motors and other load in kilowatts which must be served 
simultaneously. Any study made must assume certain operating 
conditions. In view of this fact, it is always advisable to be 
liberal in selecting the size of transformers for station power 
purposes. Even though transformers can be overloaded for 
relatively short periods of time, it is not advisable to rely on 
this overload capacity in the initial plant layout. 

In determining the size of a station power bank, it is usual 
to figure 1 kva of transformer capacity will be required for each 
motor horsepower in operation. As an example of the method 
for calculating the capacity of a station power bank, the motor 
sizes and other loads shown in Fig. 175 will be used. A total of 
62.5 hp is supplied from the main 240-volt panel while 52.5 hp 
is connected to the auxiliary panel, exclusive of centrifuge strip 
heaters and other small auxiliaries. If all motors on the main 
panel, together with a 5-kw heating element for lubricating-oil 
purifying, are being operated, the total load would approximate 
62.5 + 5, or 67.5 kva. The capacity of the main station trans- 
former bank is 3 X 37.5, or 112.5 kva, which is considerably 
more than is required to supply the load. Using the next 
smaller standard size transformer shown in Table 63, or 25 kva 
per single-phase unit, would provide a capacity of only 75 kva 
per bank. This does not provide sufficient spare capacity above 
that necessary for present maximum requirements to allow 
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much addition in station power load. Had 75~kva banks been 
installed, the addition of a single 10-hp motor would have 
absorbed all of the spare transformer capacity. In realitj^', 
the addition of another generating unit will require a 7.5-hp 
motor for an induced-draft fan on the cooling tower, a 20-hp 



Fig. 177. — Station power and lighting transformers installed in a separate vault. 


jacket-water-pump motor, and a 10-hp raw-water-pump motor, 
or an additional load of 37.5 hp. The selection of 37.5-kva 
transformer units in this particular example was justified, there- 
fore, when consideration is given to probable future additions. 

The performance of standard transformers of the sizes generally 
used for station lighting and power service is given in Table 63 
for 2,400-volt units. 
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Table 63. — Peepoemance of GO-cycle Single-phase Disteibution 
Teanspoemees; Stand aed Voltages 2,400 to 120/240 and 240/480 

Volts 


Kva 

Full load 

Iron 

loss, 

watts 

Copper 

loss, 

watts 

Total 

loss, 

watts 

Full load 
efficiency, 
per cent 

m ■ 

22 

37 

59 

96.2 

3 

32 

58 

90 

97.1 

5 

39 

96 

135 

97.4 


52 

136 

188 

97.5 

10 

57 

188 

245 

97.6 

15 

77 

261 

338 

97.8 

26 

115 

388 

503 

98.0 

37M 1 

148 

512 

660 

98.2 

50 ! 

186 

617 

803 

98.4 

75 j 

280 

930 

1,210 

98.4 

100 

370 

1,200 

1,570 

98.5 


Note. — R eactance of ti*ansformers varies from 3 to 6 per cent depending upon design. 


236. Overvoltage Taps. — Where an electric generating station 
is supplying a distribution system in a community, it is usually 
found advisable to maintain the voltage on the station primary 
bus above normal in order to compensate partially for voltage 
drop on primary circuits. If it is desired to obtain 2,300 volts 
at the outer end of radial feeders, it may be necessary to carry 
the station bus voltage as high as 2,500 volts during heavy 
load periods. 

Transformers for power service have a fixed voltage-trans- 
formation ratio, and one designed to deliver 240 volts from a 
2, 400- volt supply would have a 10:1 ratio. If the primary 
voltage is raised to 2,500 volts, the voltage on the secondary 
side is also raised, in this instance to 250 volts. This secondary 
voltage may be excessive and cause trouble with magnetic 
contactors and motors designed for operation at 220 volts under 
many conditions. In order to reduce this voltage below 250 
volts when the primary bus is maintained at 2,500 volts, it is 
necessary to provide some means for changing the transformer 
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ratio of the station power bank. This is done by incorporating 
overvoltage taps in the transformers. Such taps must be 
specified when purchasing the transformer. It is the usual 
practice to provide two 2.5 per cent taps or one 5 per cent over- 
voltage tap, although other taps may be obtained. * 

237. Protection of Low-voltage Circuits. — The protection of 
low-voltage circuits against short circuits is required by the 
National Electric Code. This protection can be accomplished 
either by the installation of suitable fuses in each circuit, or by 
the use of low-voltage air breakers which, incidentally, are 
rapidly supplanting fuses in many installations. Fuses are not 
satisfactory on three-phase circuits, since the failure of one fuse 
will cause motors to operate single-phase, thereby overheating 
and probably destroying the motor windings. Breakers, on the 
other hand, open all three phases and eliminate this difficulty. 

While the protection required for single-phase lighting circuits 
is similar to that necessary for the protection of station power 
circuits, the transformer capacities involved do not usually 
require as great interrupting capacity as is necessary for power 
circuits. 

The standard sizes of low-voltage breakers available for 
mounting in panel assemblies similar to that shown in Fig. 178 
are given in Table 64. If required, larger air breakers can be 
secured with current-interrupting ratings of 20,000 to 80,000 
amp. It is seldom that breakers of these larger interrupting 
capacities are necessary in internal-combustion-engine power 
plants. 

There are two types of low-voltage breakers available for 
installation in panel boards: the multi-breaker type which is 
built in only the 50-amp. frame size, and the regular air breaker, 
similar to the deion, type AB, as manufactured by the Westing- 
house Electric and Manufacturing Company or the air breaker, 
type AF, as manufactured by the General Electric Company. 
Cabinets for housing a group of breakers vary in size, depending 
upon the number, type, and voltage of the breakers used. 

The cheapest panel-mounted board consists of a group of 
multi-breakers installed in a cabinet. In this type of arrange- 
ment the largest breaker that can be used is a 50-amp unit and 
all breakers used with this type of assembly employ the same 
frame size for all current capacities listed under the 50-amp 
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frame size in Table 64. Boards of this type are satisfactory 
for 115/230 volt single-phase service but they are not suitable 
for three-phase station power service. Their field is essentially 


Table 64 . -^Low-voltage Breakers for Panel Mounting 


Ampere frame 
size 

Continuous 
ampere capacity 

Interrupting capacity, amp 

250 volt a-c or 
125/250 volt d-c 

600 volt a-c or 
250 volt d~c 

50 

15 

5,000 

10,000 


20 

5,000 

10,000 


25 

5,000 

10,000 


35 

5,000 

10,000 


50 

5,000 

10,000 

100 

50 

15,000 

15,000 


70 

15,000 

15,000 


90 

15,000 

15,000 


100 

15,000 

15,000 

226 

70 

15 000 

15,000 


90 

15,000 

15,000 


100 

15,000 

15,000 


125 

15,000 

15,000 


150 

15,000 

15,000 


175 

16,000 

15,000 


200 

15,000 

15,000 


225 

15,000 

15,000 

600 

225 

15,000 

15,000 


250 

15,000 

15,000 


275 

15,000 

15,000 


300 

15,000 

15,000 


325 

15,000 

15,000 


350 

15,000 

15 , 000 


400 

15,000 

15 , 000 


460 

15,000 

15,000 


i 500 

15,000 

15,000 


i 550 

15,000 

15,000 


600 

15,000 

15,000 


that of a distribution center for lighting. The mains provided 
in this type cabinet are available in 50,100, and 200 amp capacity 
only. 



Art. 238J 


ELECTRICAL SYSTEM LAYOUT 


401 


For three-phase power supply at 240 volts where moderate 
capacities are involved, a panel arrangement is available using 
250-volt a-c breakers, either AB or AF types. 

In order to provide a panel-board assembly that can be 
changed to accommodate increased circuit capacity, the con- 
vertible board has been developed. ' It will accommodate either 



Fig. 178A. — Six hundred-volt convertible panel board serving plant auxiliaries. 

250- or 600-volt a-c breakers. The mains provided in a panel 
board of this type can be 225, 400, 600, 800, or 1,200 amp capacity 
depending upon the power requirements that must be served. 
A convertible board can be installed to operate at 240 volts, and 
if necessary at a future date, it can be changed to serve as a 
440-volt distribution center. 

238. Selection of Low-voltage Breakers. — ^The size of an air 
breaker is determined by the normal current it must carry as well 
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as the short-circuit current that it may be required to interrupt. 
While the problem is somewhat comparable to that of selecting 
breakers for the control of circuits from the main power bus as 
given in Art. 229, Chap. XVIII, the calculations involved are 
much simpler. 

Consider the station power supply shown in Fig. 175 having 
two banks, each consisting of three 37.5-kva single-phase trans- 



Fia. 178jB. — Mnlti-breaker panel for controlling lighting circuits. 

formers, or 112.5 kva per bank. In calculating the magnitude of 
short circuits on the low-voltage side of such a bank, it is advisable 
to assume that the high-voltage power supply is of infinite 
capacity and that regardless of the load imposed upon the 
low-voltage side of the transformer there will be sujfiicient 
capacity on the high-voltage side to supply it. Assuming a 
reactance of transformer and wiring of 5 per cent, the maximum 
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kilovolt-amperes that the transformer bank can supply is twenty 
times its full-load rating. From equations for a delta system, 
Fig. 176, the amperes per phase on the low-voltage side of the 
bank are (1,732 X 37.5)/240, or 271 amp. TV^hen a short 
circuit occurs on the secondary side of a transformer fed from 
an infinite bus, the secondary voltage remains constant while 
the current increases in direct proportion to the short-circuit 
load. In other words, while the normal full-load current on the 



Fig. 178(7. — Three-pole air circuit breaker for installation in convertible panel 
board- {Courtesy of I-T-E.) 

secondary side of the transformer bank is 271 amp per phase, 
the short-circuit current is 20 X 271, or 5,420 amp per phase. 

This requires the use of breakers having an interrupting 
capacity of 10,000 amp. 

After the interrupting capacity has been determined, the next 
step in sizing the breaker is to select the proper current-carrying 
capacity. This requires that the full-load current of the motor 
be determined as well as the breaker size for carrying this current 
while allowing for motor starting. The full-load current values 
for three-phase a-c motors are set forth in Table 65. 
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Table 65. — Fxjll~load Cebbent fob Induction-type Squibbel-cage and 
Wound Rotob Motobs, Ampebes 


Hp 

j Voltage of motor 

110 

220 

440 


5 

2.5 

1.3 

■ M 

5.4 

2.8 

1.4 

1 

6.6 

3.3 

1.7 

IM 

9.4 

4.7 

2.4 

2 

12 

6 

3 

3 


9 

4.5 

5 


15 

7.5 


.... 

22 

11 

10 


27 

14 

15 


38 

19 

20 


52 

26 

25 


64 

32 

30 


77 

39 

40 


101 

51 

50 


125 

63 


Note. — For additional values consult Table 24, p. 323, 1940 National Electric Code. 


Table 66. — Aib Cibcuit Bbeakeb Sizes fob High-beactance and 
Autotbansfobmeb Stahting Thbbe-phase Squirbel-gage Motor!^ 


tor Full-load 

Breaker Size, 

■ent, Amperes 

Amperes 

1- 6 

15 

7- 9 

20 

10- 12 

25 

13- 18 

35 

19- 30 

50 

31- 46 

70 

47- 60 

90 

61- 66 

100 

67™ 90 

125 

91-110 

150 

111-129 

175 

130-150 

200 


Note. For grouping small motors under the protection of a single circuit breaker, see 
Sec. 4343, 1940 National Electric Code. 



Art. 239] 


ELECTRICAL SYSTEM LAYOUT 


405 


Data contained in Table 66, based upon the 1940 National 
Electric Code, should be used in selecting the proper ampere 
rating of an air breaker for the protection of an electric motor 
circuit. 

It is now possible to select the breakers necessary for the motor 
horsepower loads shown in Fig. 175. The top unit on the main 
panel is a 20-hp jacket-water-pump motor. Full-load current for 
this motor is 52 amp, Table 65, and according to Table 66, the 
breaker capacity should be 90 amp. Either a 250- or a 600-volt 
breaker in a 100-amp frame size has sufficient interrupting capac- 
ity. The 600- volt breaker was selected because it would permit 
conversion to 440-volt operation at a later date. The breaker 
sizes for all five motors shown on the main panel are summarized 
in Table 67. 


Table 67. — Breakers Required for Motors on Main Panel ^hown in 

Fig. 175 


Item 

Motor 

hp 

Breaker data 

Ampere 

rating 

Voltage 

Frame 
size, amp 

Jacket-water pump 

20 

90 

600 

100 

Jacket-water pump 

10 

50 

600 

50 

Raw-water pump 

10 

50 

600 

50. 

Induced-draft tower fan 


50 

600 

50 

Lubricatxng-oil pump 

15 

70 

600 

100 


239. Motors. — The horsepower capacity of motors is influenced 
by the permissible temperature rise in the motor windings. This 
in turn is dependent upon the type of insulating material used. 
Most motors are provided with class A insulation, discussed in 
Art. 217, Chap. XVIII, although class B insulating materials 
are employed in special cases. 

Motors are generally grouped in two classes known as general- 
purpose and special-purpose motors. The special-purpose 
motors include splash- and drip-proof and totally enclosed units. 
All others are included in the general-purpose classification. 

General-purpose motors are designed to operate at full load 
with a temperature rise of 40 C (104 F) in the motor windings, 
above a 40 C (104 F) ambient, and employ class A insulating 
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material. These motors are capable of handling 15 per cent 
overload at rated voltage and frequency with a greater tempera- 
ture rise. 

Splash-proof and drip-proof motors include all protected, 
semiprotected, drip-proof, splash-proof, and drip-proof-protected 
motors. Motors of this type, equipped with class A insulation, 
are designed to operate at full load with a temperature rise of 
50 C (122 F) in the windings. In some special applications, they 
may be obtained with class B insulation, and the permissible 
temperature rise for such units is 70 C (158 F). Splash- and 
drip-proof motors carry no overload rating as do the general- 
purpose motors. 

Totally enclosed motors include those classified as totally 
enclosed, totally enclosed fan-cooled, explosion-proof, water- 
proof, dust-tight, and submersible. Motors of this type having 


Table 68. — N.E.M.A. Standard Horsepower Ratings and Synchronous 
Speed Range for A-c Motors 


Motor 

60-cycle motors 

25-cyclo motors 

hp 

Maximum 

Minimum 

Maximum 

Minimum 

H 



750 

750 

M 

1,200 

1,200 

750 

750 

1 

1,800 

1,200 

1,500 

750 

IH 

3,600 

1,200 

1,500 

750 

2 

3,600 

900 

1 , 500 

750 

3 

3 , 600 

900 

1,500 

750 

5 1 

3,600 

900 

1,500 

750 

7M 

3,600 

900 

1,500 

750 

10 

3,600 

600 

1,500 

500 

15 

3,600 

600 

1,500 

500 

20 

3,600 

600 

1 , 500 

500 

25 

1,800 

600 

1,500 

500 

30 

1,800 

600 

1,500 

500 

40 

1 1,800 

600 

1,500 

500 

50 

1,200 

600 

750 

500 

60 

1,200 

600 

750 

500 

75 

1,200 

600 

750 

500 


Note. — The 3,600- and 1,500-rpm ratings apply to squirrel-cage motors only. Lower 
speed motors are available but have not been standardized as to frame sizes by N.E.M.A. 
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class A insulating material are designed to operate at full load 
with a temperature rise of 55 C (131 F), while those having class 
B insulation have a permissible temperature rise of 75 C (167 F). 
Totally enclosed motors carry no overload rating. 

Occasionally a designer or plant operator specifies a splash- 
proof motor or a totally enclosed motor to operate with a 40 C 
temperature rise. When this is done, it is necessary to provide 
an oversiaie unit in order to comply with the temperature-rise 
limitations imposed. Special care should be taken in setting 

t:!'-Lectd sheaih 

\-'-Jnsa/afjon 

■" Conductor ^ 

(a)-SlN6LE CONDUCTOR CABLE 



Lead shecfth 
— Be/t /nsulortlon 
— Conductor jnsufation 
— Conductor 


(b)-THREE*CONOUCTOR BELTED CABLE 



Lead sheath 
\^'-Meta///c shielding tape 
Conductor 

"'Conductor fnsu/at/on 


(c)-THREE'CONDUCTDRTYPE H CABLE 
Fio, 179- — Types of insulated power cables. 


temperature-rise limitations to see that standard machines are 
employed wherever possible. 

240. Wire and Cable. — Numerous types of wire and cable are 
available for connecting electrical equipment with the power sup- 
ply. Each type has inherent limitations from the standpoint 
of maximum permissible operating temperature, moisture condi- 
tions, operating voltage, cost, or ease of installation and splicing. 
It is necessary, therefore, in planning the plant wiring to have a 
knowledge of these factors in order that the proper type of wire 
be utilized for each particular service requirement. 

Considerable development and improvement in the manu- 
facture of paper, varnished cambric, asbestos, rubber, and 
synthetic insulated wire coupled with extensive research into 



Table 69. — Types op Conductor Insulation for 600 Volts^ 
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Table 70. Oureent-cabeying Capacity op Conductors in Amperes Prescribed by the 1940 National Electrical Code 
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Not more than three conductors in raceway or cable; room 
temperature 86 F 

Asbestos 
type A 
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-H rH i-H tH r-f M CO CO -ifl -If -fl lO 50 COsOt— 00 

Impreg- 

nated 

asbestos 

type 

AI 

a>Q0a>CO»O> ft—CM CNOmOO-Jf OCftOOOCO 00>-fT-( o 

CO -ff CO CO 05>-fC0-lft- OeocOOCO OO—fiOCD'cH 05 «M -if CO 

<M C>» CN> CO CO CO -if -ff lO kO 50 50 t— 

Asbestos 
var-cam 
type 
AVA 
type 
! AVL 

005Dr-00 -ft t— T-f Ot^COkOkO JXNOOOOkO IMC'IO ^ 

(MeO-JfeDOO 050<MCO<D OSr-f-iftiiT-f -ifCS5r--cO(M COC300 00 

r-i c<j CM cs CO eoeo-if-ifio ko >0 50 50 

Paper j 
synthetic 
type 
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asbestos 
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type V 
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RH ! 
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Synthe- 
tic type 
SN 

type RU 
rubber 
type 
RPT 
type 
RP 
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Rubber 

‘if 

type R i 
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Single conductor in free air; room temperature 86 F 

Slow- 

burning 

weather- 
proof 
type W 
type 
SBW 

COOOOOO 000»00 0»0k0k550 OOOOO OOOOO 
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Asbestos 
type A 

43 

57 

75 

100 

134 

158 

180 

211 

241 

280 

' 325 

372 
429 
510 
662 

632 

698 

755 

870 

970 

1,065 
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1,160 

1,332 
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61 
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85 
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211 
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Table 70. — Current-caebying Capacity oe Conductors in Amperi 
National Electrical Code. { Coutiuued ) 
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Courtesy of Pow & r , 
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the current-carrying capacities of the various types has resulted 
in an entirely new method for determining the ampere-carrying 
capacity of the various conductors. The 1940 edition of the 
National Electric Code sets forth the types of wire available 
and limitations on current-carrying capacities. The types of 
conductor insulation are shown in Table 69. 

The current-carrying capacities for various conductor sizes 
insulated with these several materials are set forth in Table 70. 
These capacities are based upon an ambient air temperature of 
30 C (86 F). For ambient temperatures exceeding this value, 
the current-carrying capacity of any wire is decreased according 
to the values in the lower portion of Table 70. 

For example, if a conduit contains three No. 6 conductors 
insulated with type R or code-grade rubber having a maximum 
operating temperature of 50 C (122 F) each wire will safely carry 
45 amp at an ambient temperature of 30 C (86 F). If the 
ambient temperature increases to 40 C (104 F), the current- 
carrying capacity of the wire decreases to 0.71 X 45, or 32, amp. 
Should the insulating compound be of a heat-resisting grade, 
type RH, for a maximum operating temperature of 75 C (167 F), 
the current-carrying capacity of the three No. 6 wires in conduit 
would be 65 amp when the ambient air temperature is 30 C 
(86 F) and 0.88 X 65, or 57.2, amp when the ambient increases 
to 40 C (104 F). 

In examining Table 70, it becomes readily apparent that the 
current-carrying capacity does not increase so rapidly as the 
cross-sectional area of the conductor. Thus a No. 6 wire with 
type R insulation in free air has a current-carrying capacity of 
65 amp, while a No. 3 wire, having double the cross-sectional area 
of the No. 6, can handle only 101 amp. Thus two No. 6 wires 
in parallel would have a capacity of 130 amp as compared 
with 101 amp for a No. 3 conductor of equal cross-sectional 
area. 

There are many conditions, particularly when the current 
needs 200 amp per phase, where the use of two ormiore con- 
itors in parallel is necessary to keep the amount of copper 
within reasonable limits. 

n addition to providing proper conductor size to carry the 
[uired current it is necessary to have sufficient insulation 
kness for the particular voltage at which the conductor must 
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Operate. Insulation tliickness for 600-volt insulated wire is 
given in Table 69. Conductors operating at less than 600 volts 
use this same insulation thickness. The reqxiiremeiits for 
insulation thickness when using rubber, varnished cambric, and 
paper, operating at 600 volts and higher, are set by the standards 
of the Insulated Power Cable Engineers Association. 



CHAPTER XX 
EQUIPMENT TESTING 


Machinery is tested to ascertain its capacity, efficiency, and 
other characteristics, or to determine whether or not it conforms 
to the guarantees under which it was purchased. Determination 
of capacity, efficiency, and general characteristics is usually 
considered as laboratory or development testing and will be 
considered only incidentally in this chapter. Commercial 
testing employed to determine whether or not an item of equip- 
ment complies with its guarantees will be considered in some 
detail. 

241. Test Codes. — Standard codes of test procedure for 
mechanical and electrical equipment have been developed by the 
A.S.M.E., the A.I.E.E,, the S.A.E., and other technical organiza- 
tions interested in the standardization of test procedures. These 
recognized standards should be used for testing mechanical or 
electrical equipment wherever possible. 

Before attempting to use any test code, ascertain its scope 
and methods of procedure as well as its limitations. These may 
include such things as variations in test loads, methods for 
conducting particular tests, or limits of application of the code 
in question. Many codes require that certain test procedures 
be determined by agreement between the manufacturer and 
purchaser. Where such conditions arise, it is advisable to settle 
all points which might be subject to dispute prior to the conduct 
of the test. 

242. Physical Limitations of Tests. — It is not always possible 
to conduct tests strictly in accordance with the code, although 
every effort should be made to have tests conform with code 
requirements, even though some special effort may be necessary 
to obtain correct conditions. When deviations are necessary, 
it is always advisable for the interested parties to agree upon a 
suitable testing procedure before tests are conducted. Further- 
more, when it does become necessary to deviate from the proce- 

414 
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dure prescribed in a test code, the person responsible for making 
the tests should know that the deviations are such that a true 
indication of equipment performance and efficiency can be deter- 
mined within reasonable limits. 

243. Basis of Commercial Testing. — The commercial testing 
of any piece of equipment deals primarily with two objects, 
capacity and efficiency. It is necessary to know that a unit of 
sufficient size has been furnished. It is also necessary to ascer- 
tain whether or not the efficiency of the machine comes within 
the requirements of the purchase guarantee. Tests of equipment 
may include determinations of many other conditions, but the 
capacity and efficiency of the equipment are usually the primary 
objects. 

Most test codes recognize this fact and are designed with 
this in view. If it is desired that the tests of any piece of equip- 
ment include other determinations, they should be set forth 
clearly in the specifications for the purchase of the equipment. 

244, Accuracy and Precision. — The terms accuracy and 
precision are used in connection with test determinations, and 
it is advisable to know to what each term refers. Accuracy, 
according to the dictionary, means freedom from mistake and 
is usually applied to the human element in reading instruments. 
Accurate readings of an instrument or group of instruments are 
the actual values read and no errors are contained in the data, 
either in the actual reading of the instruments or in the recording 
of those readings. Precision, on the other hand, means exact 
limitation and refers to the correctness of adjustment of the 
measuring instruments. 

In thinking of the two terms, it is advisable to consider them 
in the light of the tolerance involved. Accuracy has no tolerance, 
while precision includes a tolerance. 

In general usage these two terms are employed synonymously, 
but in this chapter they will be employed in the manner in which 
they are here defined. 

246. Precision of Instruments. — Instruments used for test 
purposes are not correct throughout the range of the instrument 
scale, and sometimes they are not correct at any point on the 
scale. This does not imply that instruments cannot be relied 
upon for making test determinations. There are tolerances 
which are permitted in the registering of any meter or instrument, 



416 DIESEL- AND GAS-ENGINE POWER PLANTS [Chap. XX 

and the magnitude of these tolerances should be known in order 
to appraise any test information correctly. As an example, a 
voltmeter used on a power-plant switchboard, having a scale 
length over 5 in., is guaranteed to have a tolerance of ±1 per 
cent of full-scale reading. If the scale of the instrument is 
calibrated from 0 to 300 volts, the meter may be in error as much 
as 3 volts and still be within the limits of precision as set by the 
A.S.A. Thus in reading a value of 157 volts on the meter, the 
actual voltage can lie anywhere between 154 and 160 volts. 

Since tolerances of instruments must be taken into con- 
sideration if accurate test results are to be obtained, it is advisable 
to know the usual tolerances found in commercial test instru- 
ments. This information is summarized in Table 71. 

246. Engine Testing. — Standard methods of procedure for 
the testing of internal-combustion engines have been prepared by 
the A.S.M.E., the S.A.E., and the United States Army and Navy. 
The Army and Navy requirements deal exclusively with accept- 
ance tests for aircraft engines, while the test code of the S.A.E. is 
generally considered as being applicable to automotive and 
aircraft engines. The internal-combustion-engine test code 
developed by the A.S.M.E. is applicable to all types of internal- 
combustion engines. 

It is highly desirable in any test to duplicate actual working 
conditions insofar as possible. The load supplied by the engine 
should be maintained constant at each test point, although this 
highly desirable condition is not always attainable. When 
the load does fluctuate, it is necessary to take sufficient load 
readings to establish the average load throughout the test 
period. 

It was pointeid out in Art. 66 that air temperature, air intake 
pressure, and exhaust back pressure all have a marked effect 
upon the capacity and fuel consumption of an engine. Careful 
measurements of the air temperature, pressure at the engine 
intake air header, and the pressure in the exhaust header , should 
be made during the test runs. Such data are necessary in order 
to interpret properly the performance of the engine. Failure 
to obtain these data may lead to serious arguments between the 
engine manufacturer and purchaser, particularly in cases where 
contractual guarantees of efficiency and capacity have been 
limited by atmospheric temperature and pressure. 





Table 71 . — ^Initial Tolerance op Commercial Meters and Instruments. — {Continued) 


418 


DIESEL- AND GAS-ENGINE POWER PLANTS [Chap. XX 



“ Knowlton, Aecheb E.: "Standard Handbook for Electrical Engineers,” 7th ed., p. 101, McGraw-Hill Book Company, Ine„ New York, 1941. 
t When switchboard instruments are used with either current or potential transformers, an additional precision tolerance of 1 per cent shall be added 
to the limit of precision for the instrument proper. When switchboard instruments are used wth both kinds of transformers, the additional precision 
tolerance shall be 1.5 per cent. 
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Variations in air pressure, air temperature, and exhaust 
pressure are of vital importance because they all influence the 
weight of air delivered to the power cylinders for combustion of 
the fuel. Insufficient air causes incomplete burning of the fuel 
with a resultant loss of power and efflciency. This effect becomes 
noticeable in a diesel engine at approximately three-fourths 
load, is more pronounced at full load, and produces a very marked 
effect upon the overload capacity of the unit since the amount 
of air taken into the cylinder is constant at all engine loads. 

247. Factory Testing of Engines. — The manufacturer prefers 
that tests be conducted on an engine at the factory where testing 
facilities are available for securing a complete test record and 
where any necessary adjustments can be made promptly. 
Factory tests are satisfactory, provided that field-installation 
conditions are reproduced. This requires the use of accessories 
and piping that will produce the same intake air and exhaust 
pressures encountered in the final installation, circulating-water 
temperatures comparable to those which will be used in the field, 
comparable lubrication, and other comparable conditions which 
may affect the engine performance. 

Unless such precautions are taken, the manufacturer may be 
penalizing himself in that the factory performance may be 
inferior to the actual performance in the field. Such conditions 
have been found in the factory testing of engines. On the other 
hand, factory conditions may be unduly favorable to the engine, 
and when installed, the engine may not perform so well as it did 
in the shop owing to restrictions in air and exhaust lines, cooling- 
water temperature conditions, and other factors. 

248. Field Testing of Engines. — Many engineers prefer to 
test internal-combustion engines after they have been installed 
in the plant and all adjustments have been made for actual 
operating conditions. There is much to be said in favor of 
field testing even though difficulties are experienced occasionally 
in arranging a suitable field test setup. Field tests permit the 
operating staff to see just what the unit will be under various 
loads, thereby helping to familiarize the staff with the new 
equipment and its limitations. 

Since the engine is equipped with the air intake and exhaust 
system as well as other auxiliaries with which it will operate, it is 
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possible with field testing to check the performance of the com- 
pleted assembly. 

Both factory and field testing are employed, but for power 
plants the most satisfactory testing can usually be done in the 
field after the engine and all its auxiliaries are in operating 
order. 

249. Liquid -fuel Consumption. — ^Liquid-fuel consumption of 
an internal-combustion engine is determined by weighing. 
Two methods are used, and either will give satisfactory results 
when properly applied. These are known as the short-time 
and long-time weight determinations. The short-time weight 
determination consists of ascertaining the length of time required 
for the engine to consume a definite weight of fuel, while the 
long-time weight determination consists of ascertaining the total 
weight of fuel consulted over an extended period of 3^-^ to 2 hr 
or even longer. 

The short-time fuel-weight determination requires the use 
of a sensitive platform scale, an oil container, and a stop watch 
or other suitable timing device. At the start of the test with 
the engine in operation, the oil container is filled and the weight 
set on the scale beam slightly less than the weight of the tank and 
oil. This results in the scale beam staying in its top position. 
At the instant the beam drops, the stop watch is started. After 
the beam has dropped, the weight on the beam is set for a pre- 
determined number of pounds less than the weight at which the 
beam dropped. As soon as this new weight is set on the scale, 
the beam again rises and stays up until the required weight of 
oil is consumed. When the beam drops the second time, the 
watch is stopped, thereby obtaining the time required for the 
consumption of a definite weight of fuel. 

If, for example, it is found that an engine delivering 300 hp 
required 5 min to consume 10 lb of oil, the oil consumption per 
horsepower-hour would be 

Fuel consumption = == 0.4 lb per bhp-hr 

When tests of this kind are made, it is advisable to repeat the 
test several times and take the average of the series. A more 
accurate arrangement using a mercury switch on the scale beam 
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for starting and stopping the timer is required by the A.S.M.E. 
Test Code for Internal-combustion Engines, No. 17. 

The long-time fuel-weight determination requires the use of an 
accurate platform scale, an oil container, and an accurate clock 
or watch. For this type of test, the oil container should be 
equipped with a quick-closing valve for shutting off the tank 
periodically during refilling operations and for rapid closing 
at the termination of the test period, Fig. 180. At the start of 
the test period, the gross weight of the tank and oil is taken, 
and oil is allowed to flow from the tank to the engine until 
the tank is practically empty. When this condition occurs, 
the valve is closed, and the weight of the tank and remaining 
oil is taken. The tank is refilled and weighed, after which oil 



Fig. 180 . — Arrangement for weighing fnel oil during engine test. 

is again admitted to the engine. This process of weighing at the 
start and finish of each tank of oil consumed is continued through- 
out the test run. At the termination of the run, the oil flow 
is shut off by the quick-closing valve. The total weight of oil 
consumed is the sum of the differences in weight of each filled 
and empty tank used plus the difference between the filled and 
final weight of the last tank of oil used in the test. 

When testing engines installed in the field, it is not always 
practical to set up an arrangement of this character. Equally 
good results can be obtained by the use of a platform scale 
on which is mounted an oil container from which fuel-oil suction 
is taken for the engine together with a second platform scale for 
weighing quantities of oil added to the container during the test 
run. At the start of the test, the weight of the tank and oil is 
taken. As oil is used from the tank on the first scale, weighed 
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quantities of oil are added. At the termination of the test the 
weight of the tank and oil contained therein is taken. The 
difference between the weight of the original tank of oil and 
the weight at the end of the test plus the weight of all oil added 
during the test period equals the total oil consumption. 

260. Gas -fuel Consumption. — Measurements of gas consump- 
tion are best made by the use of a calibrated positive volumetric 
displacement meter or a drop holder. When the flow of gas is 
too great to permit the use of a displacement meter or drop 
holder, flow measurements employing a nozzle, orifice, or Ven- 
turi tube should be used. Whenever flow measurements are 
employed, extreme care must be exercised to ensure that correct 



Fig. 181. — Prony brake for measuring engine horsepower output 


metering is obtained. The A.S.M.E. Code for Flow Measure- 
ments by Means of Standardized Nozzles and Orifice Plates and 
the A.G.A. Gas Measurement Committee Peport No. 2 should 
be followed whenever flow measurements are used for determin- 
ing the fuel consumption of a gas engine. 

261. Determination of Engine Output. ^ — The shaft-horsepower 
output of an engine may be determined by the use of a suitable 
brake, dynamometer, or an electric generator with known 
efficiency characteristics. The simplest device • for determining 
the horsepower output of an engine is the prony brake. Fig. 181, 
although this device is limited in the horsepower it can absorb. 
Hydraulic and electric dynamometers are used extensively 
for shop testing. If an engine drives an electric generator, the 
generator output, corrected for efficiency, can be used to deter- 
mine the horsepower input. An electric generator is usually 

1 See A.S.M.E. Power Test Code No. 19, Part 7 — Measurement of Power 
by Means of Dynamometers, 1941. 
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not satisfactory for loading an engine that is to operate over a 
wide speed range. 

The prony brake . is essentially a brake band to which is 
attached a lever arm. By clamping the brake band around the 
flywheel of the engine under test, a torque load can be produced 
at the end of the lever arm. This torque load is measured by a 
suitable platform scale. The brake band is tightened until an 
increase in load is shown by the scale, and this load is measured. 
The brake-horsepower output of the engine can then be computed 
by means of Eq. (43). 


Pi> = 


33,000 


(43) 


where Pd = developed horsepower absorbed by the brake. 

F == not force exerted by the free end of the brake arm on 
the weighing device, pounds. 

R = distance from center line of rotating shaft to line of 
application of force at outer end of brake arm, feet. 
n = revolutions per minute of engine flywheel. 

It is usual to simplify this equation, since for a given brake 
the value 27rP/33,000 is constant. The simplified equation is 
usually written in the form 


Pd 


where 


K = 


Fn 

~K 

33,000 


(44) 


and the other values are the same as those given for Eq. (43). 

The hydraulic dynamometer works upon the same general 
principle as the prony brake, and Eqs. (43) and (44) are appli- 
cable. Instead of transmitting the torque to a platform scale, 
the hydraulic dynamometer employs a lever arm having a pan on 
which are placed known weights to counterbalance the dynamom- 
eter turning moment. Electric dynamometers in general operate 
in a manner similar to the hydraulic dynamometers with weights 
being added to the lever arm to counterbalance the engine 
torque. 

262. Electrical Load Determination. — ^When the output of an 
engine is measured with an electric generator, special precautions 
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must be taken to ensure that the true efficiency of the generator 
for various loads is known and that the electrical instruments 
used for testing are accurate. Furthermore, the -person making 
the tests must be certain that he is reading the true power output of 
the generator. Electrical circuits must be checked, and all 
corrections for meters, instrument transformers, and other 
possible errors determined and applied. True power can be 
obtained either by means of single-phase wattmeters, or by 
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(c)-Three-phase four-wire circuit 

Fig. 182. — Wattmeter connections for measuring electrical-power output. 

determining the speed of rotation of the polyphase watthour- 
meter disks. 

Determination of the electrical load with single-phase wattmeters 
is a recognized standard method of electrical load determination. 
For a single-phase generator, only one single-phase wattmeter is 
required. For two-phase and three-phase delta-connected 
generators, as well as three-phase wye-connected generators 
where the neutral is not brought out, two single-phase wattmeters 
are required to measure the total power. Where three-phase, 
wye-connected generators have the neutral brought out, it is 
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necessary to use three single-phase wattmeters for measuring 
the true power output. Where two or three single-phase 
wattmeters are used^ it is necessary to read all meters simul- 
taneously and take the sum of all wattmeter readings as the 
total power delivered. Where current and potential transformers 
are used in conjunction with the wattmeters, it is necessary to 
determine the correct multipliers for these instrument trans- 
formers in order to determine the true power output. Wattmeter 
connections for measuring power in various circuits are shown in 
Fig. 182. 

Determination of the electrical load with a 'polyphase watthour 
meter is readily accomplished by ascertaining the speed of 
rotation of the meter disks. Every polyphase watthour meter is 
provided with an indicating point or stripe on each rotating 
element for assisting in counting revolutions. With the aid of a 
stop watch, the time for 10 revolutions of the watthour-meter 
disks can be determined, and by substituting in Eq. (45) the 
load in kilowatts can be computed. 


3 . 6 ^:^ 


(45) 


where == measured power output, kilowatts. 

Kh = meter constant or watts per revolution of the meter 
disk. 

tw = time for one revolution of the meter disk, seconds. 
Since polyphase watthour meters can be readily calibrated in the 
field with the aid of a rotating standard, and since the timing of 
several revolutions of the meter disk with a stop watch gives a 
very accurate value of the speed of rotation of the meter disk, 
this method for checking generator loads is preferred by many 
engineers. 

263. Electrical Generator Performance. — Tests of electrical 
generators are usually made at the factory in conformity with the 
Standards of the A.I.E.E. It is somewhat difficult to run tests 
on an electric generator in the field. Factory tests include high 
potential tests of insulation, resistance of windings, heat runs 
to determine the temperature rise in the windings, and efficiency 
tests. As pointed out in Art. 216, the conventional A.I.E.E. 
efficiency of a generator does not include exciter and rheostatic 
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losses, and these must be included to determine the true over-all 
efficiency of the generating unit. 

Whenever an engine-generator unit is being tested in the 
field, it is customary to make spot checks of the winding and 
bearing temperatures of the generator to supplement the factory 
tests on the machine. This ensures that no damage has been 
done to bearings or windings following the shop tests. 

264. Cooling-tower Tests. — The cooling tower is usually 
tested at the same time the engine-generator units are being 
field tested. In order to check the pei’formance of the cooling- 
tower, it is necessary to know the wet- and dry-bulb tempera- 
tures as well as the quantity of water being passed over the tower. 
A sling psychrometer is usually employed to determine the wet- 
bulb temperature. 

266. Cooling-system Tests. — It is advisable to make a 
thorough inspection of the entire cooling-water piping system 
in the plant to ensure that all parts of it are functioning correctly 
before any plant testing is done. This should include checking 
the tightness of the system by means of a hydrostatic pressure 
test, checking the location and operation of all valves, perform- 
ance of cooling-water pumps, and the cleanliness of all lines. 

The capacity of a pump can be approximated by taking the 
pressure drop across the pump, and from the pump test curve for 
this pressure value, read the pumping rate. The pump capacity 
can also be determined by installing an orifice plate in the pump 
discharge line, and from readings of pressure differential across 
the orifice plate, the flow rate can be computed. 

266. Fuel-oil System. — It is the usual practice to test the 
fuel-oil tanks, pumps, and piping system for oil tightness prior 
to filling them by the use of a suitable hydrostatic test. After 
the water pressure has been applied to the system, all water 
must be drained out before oil is placed in the storage tanks. 
After the oil has been put in the system, all joints should again 
be inspected for possible leaks which might have been overlooked 
during the hydrostatic test. The operation of all valves and 
pumps should be checked to ensure that they are functioning 
correctly. 

267. Miscellaneous Tests. — Many miscellaneous items of 
equipment are used in any power plant, and these should be 
inspected thoroughly and operated sufficiently to ensure their 
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correct functioning after the plant is placed in operation. Elec- 
trical switchboard instruments and meters should be gone over 
thoroughly to ensure that all packing and blocking materials 
installed to protect the equipment during shipment are removed, 
and that the instruments are capable of operating before they are 
placed in service. Pressure gauges, thermometers, pyrometers, 
and all other instruments should likewise be checked to ensure 
that they are in operating condition. Such attention to detail, 
trivial as it might seem, will add much to the ease wdth which 
the new plant is put into operation. 

Air compressors should be thoroughly checked before being 
started up. Particular attention should be given to the func- 
tioning of the safety valve on the compressor discharge line. 
Compressors have been damaged beyond repair through exces- 
sive air pressure resulting from the failure of a relief valve to 
open at the correct pressure. The automatic pressure-control 
switch for starting and stopping the motor-operated air com- 
pressor should also be inspected to make certain that it will stop 
as well as start up the compressor at the required pressure value. 
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The following conversion tables for the basic English units of length, area, 
volume, weight, velocity, rate of flow, unit weight, pressure, energy, and 
power are reproduced by the courtesy of Power. 

Any listed factor multiplied by a quantity expressed in the unit printed 
at the left on the same line will give the equivalent quantity in the unit 
heading the column. 

Where L or R, with a number, is printed immediately below the factor, 
move the decimal point left or righty respectively, the indicated number of 
places. 

All factors are carried to five significant figures (except where the factor is 
exact with a smaller number). One or two figures at the end may be 
dropped where slide-rule accuracy is sufficient. 


Weight 



Grains 

Ounces 

Pounds 

Tons 

(short) 

Tons 

(long) 

Grains 


0.22858 

L2 

0.14286 

L3 

0.71428 
L7 . 

0.63775 

L7 

Ounces . 

437.5 


0.0625 

0.3125 

L4 

0.27902 

L4 

Pounds 

7,000 

16 


0.5 

L3 

0.44643 

L3 

Tons (short) 

14,000 

R3 

32,000 

2,000 


0.89286 

Tons (long) 

15,680 

R3 

35,840 

2,240 

1.12 
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Volume 



Cubic 

inches 

Gallons 

Cubic 

feet 

Cubic 

yards 

Acre 

feet 

Cubic incbcR 


0.43290 

0.57870 

0.21433 




L 2 

L3 

L 4 


Oallons 

231 


0.13368 

0.49511 

0.30689 



L 2 

L 5 

Cubic feet 

1,728 

7.4805 


0 . 37037 

0 . 22957 



L 1 

I. 4 

Cubic yards 

46,656 

201 . 97 

27 


0.61983 



L 3 

Acre feet 


32,585 
R 1 

43,560 

1,613.3 






Area 



Circular 

mils 

Square 

inches 

Square 

feet 

Square 

yards 

Acres 

Square 

miles 

Circular mils 


0.78540 
L 6 






Square inches 

12,732 
R2 [ 


0.69444 
L 2 

0.77160 

L3 

0.15942 

L6 

0.24909 
L 9 


Square feet 


144 


0.11111 

0.22957 
L 4 

0.35870 
L 7 


Square yards 


1,296 

9 


0.20661 

L3 

0.32283 

L6 


Acres 


62,726 
R 2 

43,560 

4,840 


0.15625 
L 2 


Square miles 


40,145 

R5 

27,878 

R3 

30,976 

R2 

640 
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Velocity 



Inches 

Inches 

Inches Feet 

Feet 

Feet Miles 

Miles 


per 

second 

per 

minute 

per per 

hour second 

per 

minute 

per per 

hour minute 

per 

hour 

Inches per secoinl. 


60 

3, 

, 600 0 . 83333! 
L 1 


300|0.94697l0 
L 3 

.56818 
L 1 

Inches per minute. 

0. 166671 
T. 1 



60|0. 13889] 
L 2 1 

0.83333 

L 1 

5|0. 15783|0 
L 4 

. 94697 
L 3 

Inches per hour. 

0.27778|{). 16667! 
L 3 L 1 


0.2314S|0 13889|0 
L 4 L 2 

I.S3333I jo 

L 1 

. 15783 
L 4 

Feet per second. . 

12| 

720| 

43 

,200| 

60| 

3,600|0. 11364|0 
L 1 

. 68182 

Feet per minute. . 

0.2 

12| 


720l0. 16667! 
L 1 


60 0. 18939 0 
L3 

.11364 
L 1 

Feet per hour. 

0.33333 
L 2 

0.2; 


12 0.27778|0. 16667 

L 3 LI 

0.31566 0 
L 5 

. 18939 
L 3 

Miles p<u- minute. 

1 ,0561 

63, 360 1 


88! 

5,280 

31,680 

R 1 

60 

Miles i>or hour. 

17.6 

1 ,056 

63, 360! 1.4667 

88| 

5, 280|0. 166671 
L 1 
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Density 

Tons are 2,000 lb; gallons are U.S. (231 cu in.) 




Ounces 

per 

cubic 

inch 

Ounces Pounds 
per per 

cubic cubic 

foot inch 

Pounds 

per 

cubic 

foot 

Pounds 

per 

cubic 

yard 

Tons 

per 

cubic 

foot 

Tons 

l^er 

cubic 

yard 

Pounds 

per 

gallon 

Ounces 

per cubic inch 


1,72S|0.06250| 

108, 

2,916 

0.054] 

1.458] 

14.438 

Ounces 

per cubic foot 

|0.57870| 

|0. 361691 

0.0625] 

1 . 6875 

0.31251 

0,84375] 

0.83549 



L 3 

L 4 



L 4 1 

L 3 

L 2 

Pounds 

per cubic inch 

16| 

27 , 648| 

1,728] 

46 , 656 

0.864 

23.328 

231 

Pounds 

per cubic foot 

10.92592! 

16|0. 578701 


27 

0.0005] 

0.0135(0. 13368 



L 2 

L 3 






Pounds 

per cubic yardlO . 34293|0. 59259i0 .21433 0.37037 


0.18519 

0.0005]0. 49512 



L 3 

T 4 

L 1 


L 4 


L 2 

Tons per cubic foot. 

18.5181 

32,000i 1.1574 

2 , 000] 

54,000] 


27: 

267.36 

Tons per cubic yard. , 

0.685851 

1, 185. 2|0. 428661 

74.074] 

2,000 0.37037] 


9 . 9024 




L 1 



L 1 



Pounds per gallon. . . . 

0.692641 

119.6910. 43290] 

7.4805] 

201 . 97]0 . 37403 0 . 10099 




L 1 

Jj 2 



L 2 
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Pressxjke 



Inches Feet Inches Feet 

water water Hg Hg 

(60 F) (60 F) (62 F) (62 F) 

Ounces 

per 

square 

inch 

Ounces Pounds 
per per 

square square 
foot inch 

Pounds 

per 

square 

foot 

Inches water 

ceo F) 

0 . 83333|0 . 7368110 . 61401 10 . 57740| 
LI L 1 1 L 2 

83. 146 10.36088] 
L 1 

5 . 1967 

Feet watrsr 

C60 F) 

12| 0.8S417|0. 73681 

L 1 

6. 9288 i 

997. 75]0. 43306] 

62.360 

Inches lixercniry 
(62 F) 

13.572 1.13101 0.83333] 

L 1 

7.8370] 

1,128. 5)0. 48981 

70.532 

Feet mercury 
(62 F) 

102.80 13.5721 121 

94 . 044 

13,542 5.8777! 

846.38 

Otinces per sciuaro 
inch 

1.7319 0. 1443310. 12760|0. 10633i 
L 1 


144 0.625] 

L 1 

90 

Ounces per square 
foot 

0. 12027|0. 10023|0.88613|0. 7384410. 69444 
LI L2 L3 L4 L2 

0.43403] 
L 3 

0.625 
L 1 

Founds pci‘ square 
inch ' 

27.710] 2.3090] 2.0416 0.17013 

16 

2 , 304] 

144 

Pounds per Hcpiare 
foot 

|0. 19243lo. 16036|0. 14178lo . IISISJO . Ill 11 
LI LI L 2 

1610.69444] 
L 2 
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W ORK — Energy — Heat 

Bases: 1 kwhr =3411.5 Btu, and 1 Btu = 778.57 ft-lb 



Btu 

Inch- 

pounds 

Foot- 

pounds 

Watt- 

hoxirs 

Kilo- 

watt- 

hours 

Kilo- 

watt- 

days 

Kilo- 

watt- 

years 

Horse- 

power- 

hours 

Horse- 

power- 

days 

Horse- 

power- 

years 

Btu 


9,342.7 

778.57 

0.29313 

0.29313 

L3 

0.12214 
L 4 

0.33461 
L 7 

0.39322 
L 3 

0.16384 
L 4 

0.44886 
L 7 

Inch-pounds 

0 . 10703 
L 3 


0.83333 
L 1 

0.31374 

L4 

0.31374 
L 7 

0.13073 
L 8 

0.35812 
L 11 

0.42088 
L 7 

0.17636 
L 8 

0.48043 
L 11 

Foot-pounds 

0.12844 
L 2 

12 


0.37649 
L 3 

0.37649 
L 6 

0.15687 
L 7 

0.42975 
L 10 

0.50606 
L 6 

0.21044 
L 7 

0.67651 
L 10 

Watthours 

3.4115 

31,873 

2,656.1 


0.001 

0.41667 
L 4 

0, 11415 
L 6 

0.13415 

L2 

0.55896 
L 4 

0.16313 
L 6 

Kilowatt-hours 

3,411.5 

31,873 

R3 

26,561 
R 2 

1,000 

j 

1.41667 
L 1 

0.11415 
L 1 

1.3415 

0.56896 
L 1 

0.16313 

L3 

Kilowatt-days 

81,876 

76,495 

R4 

63,746 
R 3 

24,000 

24 


0.27397 

L2 

32.196 

1.3415 

0.36763 
L 2 

Kilowatt-years 

29,885 
R 3 

27,920 
R 7 

23,267 

R6 

87,600 

R2 

8,760 
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11,762 

489.65 

1.3415 

Horsepower-hours. . . . 

2,543.1 

23,760 

R3 

198 

R4 

745.45 

0.74545 

0.31061 
L 1 

0.86093 

L4 


0.41667 
L 1 

0.11416 
L 3 

Horsepower-days 

61,034 

57,024 

R4 

47,520 

R 3 

17,891 

0.17891 

0.74545 

0.20423 
L 2 

24 


0.27397 
L 2 

Horsepower-years. . . . 

22,278 

R3 

20,814 

R7 

17,345 
R 6 

65,301 

R2 

6,530. 1 

272.09 

0.74546 

8,760 

366 




Pother 

Bases: 1 kilowatt-hour = 3411.5 Btu and 1 Btu = 778.57 ft-lb 
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Volume Rates 

Month used is exactly one-twelfth year 
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Gallons 
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year 
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R2 
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CM 

CO 
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LI 
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CO 

>a 
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oo 

o 
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L 1 

05 

CO 

CO 
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Gallons 

per 

minute 

448.83 

7.4805 

oo 

o 

0.51948 
L 2 i 

0.17079 

L3 

0.14232 

L4 

o 

CO 


0.16667 

LI 

§ CO 
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iL4 1 

cO 

o 

09 

r-t lO 
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Gallons 
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I second 

7.4805 

0.12468 

09 

o 

0.86579 

L4 

0.28465 

L5 

0.23721 

L6 


0.16667 

1 LI 

0.27778 

L3 

0.15574 

L4 

i 

CO CO 

d^^ 

0. 317101 
L7 1 

! 

Cubic 
feet per 
year 
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R3 
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R 1 
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365 
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R2 
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g 

00 

CO 

CO 

d 

! 
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L 
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R2 

43,800 
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LI 

35,131 
R 1 

CO 

97.586 

4.0661 

0.13368 

! 0.11139 
LI 
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feet per 
day 

86,400 

1,440 



0.32877 

LI 

0.27397 

L2 

11,650 

192.50 

3.2083 

00 

CO 

eo 

CO 

o' 
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L2 . 

CO 

CO 

coco 

dhJ 
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o 
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CO ^ 

0*1-^ 

0.13699 

L2 

0.11416 

L3 

481.25 

00 

o 

o 
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00 

CO 

CO 

CO 

o" 

0.55700 

L2 
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L3 
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L4 
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o 

eo 

fl. 

0.16667 

LI 

3 

09 

COCO 

o'h^ 

0.22831 

L4 

0.19026 

L5 

8.0208 

0.13368 

0.22280 

L2 

0.92833 

L4 

0.30520 

L5 

W CD 

1 

Soo 
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feet per 
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0.16667 
L 1 

0.27778 

1 L3 

0.11574 

L4 

0.38052 

L6 

0.31710 

L7 

0.13368 

0.22280 

L2 

0.37133 

L4 

0.16472 

L5 

00 

o 
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Cubic feet per second 

Cubic foot per minute 

Cubic feet per hour 

Cubic feet per day 

Cubic feet per month 

Cubic feet per year, 

Gallons per second j 

1 

Gallons per minute 

Gallons per hour | 

Gallons per day 

Gallons per month 

Gallons per year. 
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Accessories, 331 
Accuracy, 415 
Addition agents, 192 
Air, friction loss of, in pipes, 261 
high-pressure chart- for, 336 
for oil combustion, 312 
Air circuit breaker sizes, 404 
Air compressors, 334 
sizes of, 335 
Air filters, 251 
checking of, 268 
Air intake, location of, 264 
maintcmance of, 351 
size of, (jalculation of, 263 
Air-intake construction, donHs for, 
267 

Air-intake muffling, 257 
Air-intake piping, 287 
Air-intake pressure, effect of, on 
capacity, 122 
variation of, 264 

Air pressure drop calculations, 264 
Air requirements, of engines, 250 
Air resistance, of fittings and bends, 
262 

Air-starting equipment, 332 
Air-starting tanks, 333 
Air-tank capacities, 334 
Alarms, 341 

Allis-Chalmers voltage regulator, 
367 

Alternating-current generators, 358 
Alternator, bus excitation of, 366 
capacities, 359-361 
effect of altitude on, 363 
efficiencies, 360 
excitation requirements, 366 
heating, 361 


Alternator, individual excitation, 366 
maximum T.LF. values, 372 
parallel operation, 364 
power factor, 363 
speed ratings, 357 
speeds, 359 
voltages, 359 

Altitude, effect of, on alternator 
capacity, 363 
on horsepower rating, 126 
American Gas Association, high- 
temperature cooling, 220 
Analysis, butane, 172 
fuel, 138 

manufactured gas, 177 
natural gas, 170 
propane, 172 
sewage gas, 174 
Apartment building load, 62 
A.PJ. gravity, 141 
Area conversion tables, 432 
A.S.T.M. fuel-oil requirements, 137 
Automatic control, 340 
Automatic shutdown devices, 341 
Automatic starting devices, 340 
Auxiliary power requirements, 38 
Available exhaust gas, 312 

B 

Basins, cooling tower, 232 
Baum 4 gravity, 141 
Boiler, effect of, on exhaust back 
pressure, 328 
waste-heat, 322 

Brake-horsepower, definition, 102 
Brake-horsepower rating, 125 
Brake mean effective pressure, 102 
Breakers, high-voltage, selection of, 
374 

low-voltage, selection of, 401 
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Building costs, 45 
details, 81 
estimating data, 44 
general dimensions of, 80 
layout, basic considerations, 75 
materials of construction, 83 
space requirements, 79 
Burgess heat-reclaiming snubber, 
327 

type STC snubber, 274 
Bus excitation, of alternator, 366 
Butane gas, analysis, 172 
physical properties, 173 

C 

Cable and wire, 407 
Calculation, air-intake size, 263 
air-pressure drop in pipes, 264 
pressure drop, oil lines, 160 
water lines, 237 
Carbon residue, 150, 191 
Central stations, 1 
diesel engines in, 2 
Centrifugal pumps, installing, 305 
Centrifuging, lubricating oil, 197 
Chart, economical heat recovery, 329 
high-pressure air, 336 
power-factor correction, 390 
Check valves, 295 
dimensions for, 299 
Chemical reclaimers, lubricating oil, 
204 

Circuit, low-voltage, protection for, 
399 

Circuit breakers, 372 
Cleanliness, plant, 344 
Closed tubular heat exchangers, 231 
Codes, test, 414 

Combined heater and silencer, heat- 
ing and power, 63 
Maxim, 326 
muffler and boiler, 328 
Combustion, air required, 312 
Combustion constants, gas, 180 
Commercial testing, basis of, 415 
Compress air, time required to, 334 
Compressed-air lines, 335 


Compression ignition, 112 
Compression ratio, 103 
Compressors, air, 334 
Conductor insulation, 408 
Construction, air-intake, 267 
fuel-oil storage, 153 
Consumption, fuel, 135, 311 
gas-fuel, test, 422 
liquid-fuel, test, 420 
lubricating oil, 28 
natural gas, 28 
Control, automatic, 340 
Conversion, inches mercury to psi, 
179 

inches water to psi, 260 
Conversion table, area, 432 
density, 434 
length, 431 
power, 437 
pressure, 435 
time, 431 
velocity, 433 
volume, 432 
volume rates, 438 
weight rates, 430 
weights, 429 
work, energy, heat, 436 
Convertible gas-diesol, 109 
Coolers, evaporative, 227 
Cooling, correct, 221 
deck towers, 225 
engines, 119, 206 
by evaporation, 234 
heat exchangers, 231 
heat rejected, 206 
high-speed engines, 214 
mechanical-draft towers, 227 
methods, 221 
radiators, 230 
slow-speed engines, 213 
spray-coil towers, 224 
spray ponds, 223 
spray towers, 224 
surface ponds, 222 
vapor-phase, 215 
Cooling-systern maintenance, 348 
tests for, 426 
Cooling-tower basins, 232 
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Cooling-tower tests, 426 
Cooling towers, performance vari- 
ables, 226 
typical, 225 

Cooling water, heat from, 318 
pipe sizes, 236 

requirements, 208 

piping, 279 

temperature variations, 2ii 
temperatures, 209, 311 
Correction, power factor, 386 
Clost, buildings, 45 
cranes, traveling, 47 
diesel plants, 41 
fuel-oil, 47 
maintenance, 31 
piping, 46 _ 

switchboards and wiring, 44 
Cotton-gin load, 60 
C/rane facilities, 88^ 

Chrves, load duration, 10 
Cylinder arrangements, engines, lio 

D 


E 

Economic studies, 41, 50 
Economies, fuel, 23 
Economy, of diesel engines, 5 
engine, 121 

Efficiency, alternator, 360 
engine, 120 
generators, 358 
mechanical, 103 
transformers, 398 
Electrical equipment, 356 

generator performance test, 425 
load determination, 423 
maintenance of, 353 
system layout, 393 
Energy conversion table, 436 
Engine, 95 

age, effect of, on fuel economy, 25 
air-intake pressure variation, 264 
air requirements of, 250 
brake-horsepower rating, 125 
capacity, 122 
classification, 100 

cooling, 119, 206 


Daily load curves, 8 
Daily records, 343 

Deck towers, 225 
Density conversion table, 43 . 
Uosign problems, indnstnal plant, 57 
Diesel engine, in central stations, 2 
economy of, 5 
fuel-oil consumption, 27 
installations, largest, 3 
Dics(d plant costs, 41 
Dimensions, check valves 299 
doors, steel industrial, 87 
(lunged fittings, 292 
aatc valves, 296 


correct, 221 
vapor-phase, 215 
cooling methods, 221 
cooling water requirements, 208 
cooling water temperatures, 209 
cylinder arrangements, 116 
definition of terms, 101 

displacement, 101 
economy, 121 
efficiency, 120 
exhaust behavior, 268 
exhaust design, 275 
exhaust snubber, 271 
factory testing of, 419 
field testing of, 419 


pipe, 290 

pressure relief valves, ou 
screwed fittings, 291 
welding fittings, 293 
windows, steel, 86 
Direct-current generators, 35/ 
Displacement, engine, 101 
Doors, 85 

dimensions of, 87 


foundations, 90 
fuels, 103, 134 
governing, pipe hne, 73 
heat balance, 309 
heat rejected, 2(36 
high-speed, cooling, 214 

high-temperature 220 

internal-combustion, types of, 99 
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Engine, lubrication, methods of, 193 
maintenance, 345 
maintenance schedule, 346 
mechanical construction, 114 
oil-cum-gas, 110 
output, determination of, 422 
piston construction, 116 
piston cooling, 118 
reliability of, 48 
rotative speeds, 118 
selecting, 95 

selection of, factors influencing, 128 
slow-speed, cooling, 213 
specifications, 130 
starting requirements, 332 
starting systems, 331 
stationary service, 1 
stroke cycles, 113 
supercharging, 127 
testing, 416 

Equal annual payments, 52 
Equipment, air-starting, 332 
electrical, 356 
testing, 414 

Estimating data, buildings, 44 
Estimating heat recovery, 328 
Evaporation, cooling by, 234 
Evaporative coolers, 227 
Evolution, of small power plant, 2 
Excitation, 365 

requirements of alternators, 366 
Exhaust back pressure, effect of 
boiler on, 328 
effect of, on capacity, 122 
Exhaust behavior, 268 
gas available, 312 
gas temperature, 312 
hot water from, 318 
pipe size, 273, 275 
piping, 287 

pressure variation, 269-270 
system functions, 273 
Expansion joints, 303 
Expansion pipe, 300 


Factors to consider in plant, 7 
Filtering of lubricating oil, 200 


Filters, air, 251 
cycoil type, 258 
types of, 252 
viscous type, 254 
Fire walls, 94 
Fittings, pipe, 289 
Flanged fittings, dimensions, 292 
Flash point, 145 
Floors, 87 

Foster- Wheeler waste-heat boiler, 
325 

Foundations, 90 
Four-stroke cycle, 114 
Friction loss, air in pipes, 261 
oil in pipes, 160 
water in pipes, 237 
Fuel, admission, 104 
analysis, 138 

consumption, 135, 311 ’ 

economics of plants, 23 

economy, effect of engine age, 25 

engine, 134 

gas, 169 

ignition, 110 

motoring, 166 

oil, 134 

specifications, 138 
Fuel oil, carbon residue, 150 
cleaning of, 155 

consumption of diesel engines, 27 
delivery of, 151 
flash point, 145 
heat content, 144, 146 
ignition quality, 150 
Pacific, 139 
piping, 283 
prices, 47 
pumps for, 165 
requirements, A.S.T.M., 137 
specifications, manufacturers 
recommended, 138, 140 
storage capacity, 152 
storage construction, 153 
system maintenance, 349 
system tests, 426 
temperature correction, 144- 
use of, 22 
viscosity of, 145 
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Fuel oil, volume correction, 144 
water and sediment, 145 
Full-load current, for motors, 404 
Functions, exhaust system, 273 
piping system, 277 

G 

Gas, combustion constants, 180 
flow of, in pipes, 183 
fuel, 169 

fuel consumption tests, 422 
heating value, 182 
laws, 176 

manufactured, analysis, 177 
natural, 169 
sewage, 173 
analysis, 174 
production, 175 

temperature of, in pipe lines, 172 
Gas-diesel engine, 109 
Gate valves, 295 
dimensions of, 296 
General dimensions, buildings, 80 
General Electric Type GDA voltage 
regulator, 369 

Generator, alternating-current, 358 
direct-current, 357 
efficiency, 358 
Globe valves, 295 

H 

Heat, content, fuel oil, 144, 146 
conversion table, 436 
from cooling watei*, 318 
exchangers, 231 
reclaiming snubber, 327 
rejected to cooling system, 206 
Fleat balance, engine, 309 
Fleat recovery, economical, 329 
estimating, 328 
Fleating, alternators, 361 
hot-air, 316 

and power, combined, 63 
Heating value, gas, 182 
Hot-air heating, 316 
Plot water, from exhaust, 318 


Horsepower, brake-, 102 
indicated, 101 

rating, effect of altitude, 126 
I 

Ignition, compression, 112 
fuel, 110 
quality, 150 
spark, 110 
surface, 110 

Impurities, in lubricating oil, 194 
Inches mercury to psi, conversion, 
179 

Indicated horsepower, 101 
Individual excitation, of alternators, 
366 

Industrial plant, design problems, 57 
horsepower requirements, 59 
primary requirements, 59 
type of service, 60 
Instrument tolerance, 417 
Instruments, meters and, 335 
precision of, 415 
switchboard, 381 
Insulation, wire types, 408 
Intake-air pipe size, 260 
Intake and exhaust systems, 250 
Interference, telephone, 371 
Internal-combustion engines, 99 


Joints, expansion, 303 
K 

Kinematic viscosity, 147 

L 

Labor, plant, 35 
Laws, gas, 176 

Layout, electrical system, 393 
Length, conversion table, 431 
Liquid-fuel consumption, test, 420 
Load, determination, electrical, 423 
Load curves, daily, 8 
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Load-duration curves, 10 
Loads, analyzing variable, 14 
Locker plant, 61 
Log sheet, station, 344 
Loss of head, in water pipes, 240 
Losses, transformer, 398 
water piping, 237 
Low-voltage breakers, 400 
Low-voltage circuit, protection of, 
399 

Lubricating oil, addition agents, 192 
carbon residue, 191 
centrifuging, 197 
chemical reclaimers, 204 
equipment maintenance, 350 
filtering, 200 
impurities, 194 
oxidation, 191 
piping, 284 
purifying, 194, 195 
methods of, 195 
selection of, 189 
settling, 195 
source of, 188 
tests, 190 
use, 28 

Lubrication, 186 

of engine, methods of, 193 
oils for, source of, 188 
quality of, 187 
requirements, 186 
selection of oil, 189 

M 

Maintenance, 343 

air intake and exhaust, 351 
cooling-system, 348 
costs, 31 

Ponca City, Oklahoma, 36 
electrical equipment, 353 
engine, 345 
fuel-system, 349 
lubricating-oil equipment, 350 
meters and instruments, 353 
plant structures, 355 
program, scope of, 345 
starting-system, 352 


Manufactured gas, analysis, 177 
Material, pipe, 287 
Materials of construction, building, 
83 

Maxim, combined boiler and sihuiccr, 
326 

type MUC silencers, 272 
Mean indicated pressure’:, 101 
Mechanical construction, engines, 
114 

Mechanical-draft towers, 227 
Mechanical efficiency, 103 
Meter, maintenance, 353 
pressure, 339 
temperature, 337 
tolerance, 417 
types of, 336 
Metering, fuel, 166 
Metering, quantities, 340 
Meters and instruments, 335 
Mixed-base oils, 188 
Motors, air circuit breaker, sizes for, 
404 

electric, 405 
full-load current, 404 
standard sizes, 406 
Mufflers, 273 
Muffling, air-intake, 257 

N 

Naphthene-base oils, 188 
Natural gas, 169 
analysis, 170 
consumption, 28 
fields, map, 171 

O 

Oil, flow of, in pipes, 158 
fuel, 134 

measurement data, 142 
mixed-base, 188 
naphthene-base, 188 
paraffin-base, 188 

Oil-circuit-b reaker characteristics, 

375 

Oil-cum-gas engine, 110 
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Oil fields, map, 136 
Oil pipe line, operation of, 67 
Oil tanks, capacity, horizontal, 155 
verticial, 153 

Output, engine, determination of, 
422 

Overvoltage taps, on transformers, 
398 

Oxidation, 191 


Pacific fuel-oil spechfications, 139 
Parafiin-l)a.se oils, 188 
l^arallel operation, of alternators, 
364 

I^erforinanc,e, power plant, 20 
waate-lu’iat boiler, 325 
Perform anc.e test, electrical gener- 
ator, 425 

Physical limitations of tests, 414 
Physic'.al properties, butane, 173 
proijanc, 173 
PiX)e dimensions, 290 
(^xi)ansion, 300 
fittings, 289 
material, 287 
l^il)C line, 65 

engine governing, 73 
(\xtcmt of, 66 
gas temp(^rature in, 172 
operation, oil, 67 
prime movers, 71 
pumping i^ressures, 69 
pumx)ing stations, 65 
pumping trends, 73 
pumping units, 69 
typ(%s, 65 

Pipe lossc-is, water, 237 
b*ix>c silica, air-intake, 260 
exhaust, 273, 275 
proportioning, 236 
Pil>eB, velocity of flow through, 161 
Piping, air-intake, 287 
asscnnbly, jjlanning, 277 
cooling water, 279 
costs, 46 
exhaust, 287 


Piping, fuel-oil, 283 
kinks, 306 
lubricating-oil, 284 
starting-air, 286 
symbols, 278 
systems of, planning, 277 
Piping-system functions, 277 
Piston construction, 116 
Piston cooling, 118 
Piston speed, 103 
Plant cleanliness, 344 
Plant labor, 35 

Plant structures, maintenance, 355 
Ponca City, Oklahoma, maintenance 
costs, 36 

Ponds, cooling, 222 
spray, 223 

Power, conversion table, 437 
Power factor, alternator, 363 
Power-factor correction, 386 
chart for, 390 

Power plant, evolution of small, 2 
industrial, 57 
variable loads in, 8 
Power-plant building, 75 
Power-plant performance, 20 
Power, station, 393 
Power-transmission problems, 4 
Precision, of instruments, 415 
Pressure, brake mean effective, 102 
conversion table, 435 
loss of, in oil pipes, 160 
mean, indicated, 101 
Pressure meters, 339 
Pressure relief valves, capacities, 302 
dimensions, 301 
Production, sewage gas, 173 
Propane, analysis, 172 
physical properties, 173 
Pumping pressures, pipe line, 69 
Pumping units, type of, for pipe line, 
69 

Pumps, fuel-oil, 165 

installing centrifugal, 305 
selection of, 242 
water, 239 

Purifying, lubricating oil, 194 
Purifying methods, 195 
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R 

Radiators, 230 

Rating, brake-horsepower, 125 
Records, daily, 343 
Regulating valves, 298 
Regulators, voltage, 367 
Requirements, auxiliary power, 38 
cooling water, 208 
lubrication, 186 

Resistance, valves and fittings, 238 
Roof construction, 84 
Rotative speeds, 118 
Rotter, Max, 273 
Running-capacity factor, 20 

S 

Sash dimensions, standard, 86 
Schedule, engine maintenance, 346 
Scope, of maintenance program, 345 
Screwed fittings, dimensions, 291 
Settling, lubricating oil, 195 
Sewage gas, 173 ' 
analysis, 174 
production, 173 
Shutdown devices, 341 
Silencers, Burgess type STC, 274 
Maxim type MUC, 272 
Snubber, effect of, on engines, 271 
heat-reclaiming, 327 
Space requirements, buildings, 79 . 
Spark ignition, 110 
Specific gravity, 141 
Speed, alternator, 359 
Speed ratings, of alternators, 357 ■ 
Spray-coil towers, 224 " . ' 

Spray ponds, 223 
Spray towers, 224 , , 

Starting-air piping, 286 
Starting devices, automatic, 340 
Starting engines, 331 
Starting-system maintenance, 352 
Station bus arrangement, 384 
Station log sheet, 344 
Station power, 393 
Stationary service, engines for, 1 
Storage capacity, fuel-oil, 152 
Stroke cycles, 113 


Summer wot-bulb temperatures, 235 
Supercharging, 127 
Surface cooling ponds, 222 
Surface ignition, 110 
Switchboards, 378 
Switchboards and wiring costs, 44 
Switchboard instruments, 381 
tabic, 382 

Symbols, piping, 278 
T 

Tanks, air-starting, 333 
Telephone interference, 317 
T.I.F. values, for alternators, 372 
Temperature, cooling water, 209, 311 
exhaust gas, 312 
summer wet-bulb, 235 
variations ip, cooling wat(U’, 21 1 
Temperature correction, for fuel oil, 
144 

Temperature meters, 337 
Test codes, 414 

Testing, basis of commercial, 415 
of engines, 416 
equipment for, 414 
cooling system, 426 
fuel-oil system, 426 
Tests, lubricating-oil, 190 
miscellaneous, 426 
physical limitations, 414 
waste-heat boiler, 323 
Time conversion table, 431 
Tolerance, meters and instruments, 
•41-7 

Towers, deck, 225 
mechanical-draft, 227 
spray, 224 
spray-coil, 224 • 

Transformers, 395 

losses and’effi-ciencies, 398 
• over-voltage taps, 398 
Traveling crane, costs, 47 
Treatment, water, 244 
Two-stroke cycle, 114 

U 


Use factor, 21 
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Valves, 294 
check, 295 

dimensions, 299 
and fittiiift's, resistance, 238 
f 2 ;ate, dimensions, 296 
and slobe, 295 

I^ressure relief, capacities, 302 
dimensions, 301 
reg;ulatinfjj, 298 
Vapor-phase cooling;, 215 
VariaVile loads, analyssing, 14 
in power plants, 8 
Varia.bles, in cooling-tower jicrform- 
an<‘.e, 226 

Va.riation, cooling water temper- 
ature, 211 

exhaust pressure, 269, 270 
intake air pressure, 264 
Velocity, conversion table of, 433 
of flow through pipes, 161 
Verti(‘.al oil tanks, capacity, 153 
Viscosity, 145, 190 

temperatiire chart, 149 
ViscotiH-tyiJO air hlters, 254 
Voltage, alternator, 359 
VoltagCJ rcigulators, Allis Ohalmcrs, 
367 

ChiiKwal ICle<‘,tric type GDA, 369 
Westinglioiise Silvorstat, 370 


Volume, conversion table, 432 
correction for fuel oil, 144 
rates, conversion table, 438 

W 

Walls, fire, 94 
Waste-heat, boiler, 322 
boiler performance, 325 
boiler tests, 323 
methods for using, 314 
recovery, 308 

use of, in industry, 308, 322 
Water, fiow of, in pipes, 237 
and sediment, 145 
Water pipes, loss of bead in, 237, 240 
Water pumps, 239 
selection of, 242 
Water treatment, 244 
Weight, conversion table, 429 
Weight rate, conversion table, 430 
Welding fittings, dimensions, 293 
Westinghouse Silverstat voltage 
regulator, 370 
Willans line method, 17 
Windows, 85 
dimensions, 86 
Wire, and cable, 407 

current carrying capacity, 410 
insulation of, 408 
Work conversion table, 436 




